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FOREWORD

A short history of the development of the prediction methods in this Technical Note will

permit the reader to compare them with earlier procedu. es. Some of these nethods were first

reported by Norton, Rice and Vogler [ 1955). Further development of forward scatter predictions

and a better understanding of the refractive index structure of the atmorphere led to changes re-

ported in an early unpublished NBS report and in NBS Technical Note 15 [Rice, Longley and

Norton, 1959]. The methods of Technical Note 15 served as a basis for pert of another unpublished

NBS report which was incorporated in Air Force Technical Order T. 0. 31Z-l)-l in 1961. A

preliminary draft of the current technical note was submitted as a U. S. Study Qroup V contribution

to the CCIR in 196Z.

Technical Note 101 uses the metric system throughout. For most computations both a

graphical method and formulas suitable for a digital computer are presented. These include

simple and comprehensive formula@ for computing diffraction over nmooth earth and over irregular

terrain, as well as methods for estimating diffraction over an .solated rounoed obstacle. New

empirical graphs are included for estimating long-term variability for several climatic regions,

based on data that have been ma.te available.

For paths in a continental temperate clirnate, these predictions are practically the same

as those published in 1961. The reader will find a number of graphs have been simplified and that

many of the calculations are more readily adaptable to c .rnputer programming. The new material

on time availability and service probability in severLl clinatic regions should prove valuable for

areas other than the U. S. A.

Changes in this revision concern mainly sections 2 and iO of volume 1 and annexes I, L and

V df volume 2, and certain changes in notation and symbols. The latter changes make the notation

more consistent with statistical practice.

Section 10, Long-Term Power Fading contains additional traterial on the effects oi

atmospheric stratification.

For convenience in using volume 2, those symbols which are found only in an annex are

listed and explained at the end of the appropriate annex. Section 12 ofvolume I lints and explains

only those symbols used in volume 1.

Note: This Technical Note consists of two volumes as indicated Ir. the Table of Contents.
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Annex I

AVAILABLE DATA, STANDARD CURVES, AND A SIMPLE PREDICTION MODEl.

The simplest way to predict long-term median transmission loss values would be to

use a best-fit curve drawn through measured data (i epresented by their overall median values)

plotted as r. function of path length. Such a method ignores essentially all of our understanding

of the physics of tropospheric propagation, is subject to especially large errors over rough

terrain, and such empirical curves represent only the conditions for which data are available.

Curves that may be useful for establishing preliminary allocation plans are presented

in section 1. 2 of this annex. These "standard" curves were prepa-ed for a fixed combinat.ion

of antenna heights and assume propagation over a smooth earth. The curves are not suitable

for use on particular point-te- point paths, since they make no allowance for the wide range

of propagation path profiles or atmospheric conditions that may be encountered over particular

paths.

A method for computing preliminary reference values of transmission loss is described

in section 1. 3. This method is based on a simple model, may readily be programmed, and is

especially useful when little is known of the detailL of terrain.

1. Available Data as a Function of Path .,-ngth

Period-of-recora median values of attenuation relative to free Apace are plotted vs.

distance i. figures 1. 1 to 1.4 for a total of 750 radio paths, separating the frequency ranges

40-1 r'A MHz, 150-600 MHz, 600-1000 MHz, and 1-10 GHz. Maor sources of data other

than those refeienced by Herbstreit and Rice [1959j are either unpublished or are given by

Bray, Hopkins, Kitchen, and Saxton [1955], Bullington L1955]. duCastel [1957b], Crysdale

[158], Crysdale, Day, Cook, Psutka, and Robillard [1957]. Delukhanov [1957], Grosskopf

j1956], Hirai [1961a, b], Josephson and Carlson [1958J. Jowett [1958]. Joy [1958a, bJ, Kitchen

and Richmond L1957], Kitchen, Richards. and Richmond [1958), .Millington and isted [1950],

Newton au,.d Rog;., j,1953], Onoe, Hirai, and Niwa [1958], Rowden, Tagholm. and Stark

[19.,j ton [191, Ugai [1961], and Vvedenskii ano Sokolov [1957]

* " Three strakght lines were determined for each of the data plots shown in figures 1. 1

to 1.4. Near the tr5lpmitting antenna, A = 0 on the average. Data for intermediate dis-

tances, where the jjrage rate of diffraction attenuation is approximately 0.09 f db per

kilometer, detern'tji!,e second straight line. Data for the greater distanc 3, where the level

of forward scatter e is reached, determine the level of a straight lirne with a slope varying

from 1/18 to 1/14 d '\er kilometer, depending on the frequency.

"he &-n.ervee of figures I. 1-1 3 show averages of broadcast signals rcorded at

Z00 ran bxlocations in six d~fferent areas of the United States. The data were normalized

to I -Clter and 300-meter antenna heights, and to frequencies of 90, Z30, and 750 M -iz.

" -1.roduced irombe.,s, ava:!able copy,.



Y£e~ 'his dacs. ra ,rPir ?TASO 151, c.:a ge fields art I1ev macin I,, u':: ec~e :'

tions were not carefull' selected, as th ev were for -nos, other D. thr. for .iuc da-ta rc Friov'

The extremely large v..riance of iong-terr median transmission loss values recordied

over irregular ter-rain is due mainly to differences in terrain profles ara effective antenna

heights. For a given distance Lnd given antenna heights L wide rang( o' :.Y-'uiar distIances is

possible, particular!)- over short diffraction, and cxtrz -diffraction pathi. Angular dist,,i; c .

the angle between radig horizon rasfrom each antenna ii. the great cir, !(' planec ontrainin.

the anitennas, is L very irnpor*tant parameter iar transnassior. iOSb CiIICJUUIO,1iS. iSUC Se'rtiOn

6). Ficurc 1. 5 showt, for a. nu-nbez- of paths the araiiyof angular distanct- :-,, ti

its value over a smnooth spherical earth as a finctior, of oati. distance ie.nc anturina heitcets.

Mor: of the "scatter"' of thL experimental lo-ng-turn-. medians shcncv Lin igrs1. l -

14 is due to path,-to-oathl differences. A small oar* of this variation is 6c,. to 'nu lengths oi

the rLccrd~ng periods. For al. data plotted ir, the fi ureE the recording Period C?*-(C~ 'WvO

W ceKS. for 6.'C oaths i: excece6 cne mnonth, and for 90 pths recordingE \vert. rrae for -crire

than a year.

An --valuation o.' tnt itlerence6 between urce:ic tec -.nc :reasureo transmi!asion los s

values ir discussed brief",- in annex V. in evaluatinF b preothon method iy ts vrac

irom. observed data, it is important to remember that this aiac it; strongly influenced by

the oarticular data Pampole availabie for comparison. Thus it is mnost important tmat these

data aa-ples be as representative at possible of the wierange of propagatiou path Loniions-.

1:;Kf-': to oe encountereu; in. the variuus types of service anc ~n v.arious parts of t..- ivorid

To aid in deciding whether it is worthwinile to use the point-to-point prediction method

outlined in, eections 4 - 10. instead of simpler methods. figure 1 6 show, 'he ( :nulative dis-

triuut;-on o: deviationt o; Predicted from observed lonF-tern mredian vaiu-s. Thle dar'n-oottec

zur-vrto'v the rurnuictive distribzution of dieviations fromn the lines drasvr. .n figures. 1. 1. -

-i ior all avuilable dataz. The Polid. and dashed curveb compar-e piedictiuns based on; tuese

figurec with ones using tne: point-to-o.nt rn'hod fur the sarne paths. Note tn.at, the dietaiiec

jiro -to-poin' inethoC od no-, oe usetd ir. man<, cttst- uccaust- of the lack o" terrain.r p.-o:.re-

r ic:uce t. . s,.ows a cocci-I kreatzr varizonce of oavi trcn-. the "ceipirlcall" curves o! :1c-'

- .- o: tnte sarn:,Ie of 7-0 tatr tnar. for tn(: s malie r samp f of 217 pathsr for w.hich

terrain profiles are availzable. ATh(' V.::de Statier of data Ilisut atedi figu-e 1. 4 for the fre-

cue ncv rnel-10 G 2H: appears t:-. 'e mnainly, receponrible for this. Figure L. 4 aD:ocars to

st,ov- that propagatio.. i r ric.more re.next_'- to differences in terrain profiles at tirrst hi~ht--

:rcuencne5cs rigr jLF Of ue CtIcCC .*nt :oin---to-coint predictic.- rnethods'* deutno:' oric

riumoer r): piar. rters ueOtcitrr ati6 :requency., are aiso, Lmpiricv3  sinc(- trre- Lrv

mootd to agree with availabifc dati, bu, estimates o' their rlaityover a per*.)

na~ve not varied za great deal v.,th ti-t mize of Lie sample of data m.-ade aVa;lable .or cornpa i -

oon with- th-emn.

FReproducod- fre
Ib 't o',I"COPY



I. Z Standard Point-to-Point Transmission Lose Curves

A set oi standard curves of baRic transmission loss versus distance is prevented it!

figures 1.7 to I. .6. Such curves may be useful for establishing p. -liminary allocation plans

but they are clearly nwt suitable for use on particular point-to-point paths, since they make

no allowance for the wide rrnge of propagation path terrain profiles or atmospheric condi-

tions which rny be encountered. Similar curves developed by th,: CCIR [ 1963g; 196.h] are

subject to the same lirr.itatior.

The standard curves show predicted levels of basic transmission luss verSus pith

distance for 0.01 to 99. (o percent of all hours. These curves were -&tained %ting the

point-to-point predictions for a smooth earth, N = 301, antenna height! of 30 meters,

and estirnatee of oxygen. water vapoz, and rain absorptior described in section 3. Cumu-

lative distributions of hourly median transmission loss for terrestrial links may be read

from figures 1.7 to 1. 17 for distances from 0 to 1000 kilometer. and for 0. 1, 0.Z, 0.5,

1, 2, 5, 10, ZZ, 3.. 5. 60 and 00 GCz . The same information may be obtained from

figures I. 18 to 1. Z0.

For earth-space links, it is important tv kn',w the a.tenuation relative to tree space,

A, between the earth station P.nd space station as a function of distance, frequency, and the

angle of elevation, eh' of the space station relative to the horizontal at the earth station

[ CCIR 19631i 1963J] , Using the CCIR basic reference atmosphere* [ CCIR Report 231,

1963s)standard propagation curves providing ;this information for 2, 5. 10, 22, 3Z. 5, 60

and 100 GHz, for 0.01 to 99.99 percent of all hours, and for 8h - 0, 0.03. 0. 1, 0.3,

1.0, &no 7r/2 radians are shown in figures 1.21-I.26, where A is plotted against the

straight-line distance r between &ntennas. The relationship between A and L b is

given by

Lb.A + Lbf A + 3Z.45 +0 log f+ Z0 log r db (I.1)

where f is the radio frequency in megahertz and r is the straight-line distance between

antennas, ex.pressed in kilometers.

The curves in figures 1.7-1.26 provide long-term cumulative distributions of hourly

median values. Such standard propagation curves are primarily useful only for general

qualitative analyses and clearly do not take account of particular terrain profiles or par-

ticular climatic effects, For example, the transmission loss at the 0. I% and 0. I' levels

will be substantially smaller in maritime clirrates where clucting conditions are more

c om mon.

The transmission loss predicdc.s for this atmosphere arc essentially the same as

predictions for N 301.

1-3
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ANGULAR DISTANCE VERSUS DISTANCE FOR THE 290 PATHS FOR WHICH
TERRAIN PROFILES ARE AVAILABLE

THE CURVES SHOW ANGULAR DISTANCE, 8, AS A FUNCTION OF DISTANCE
OVER A SMOOTH EARTH OF EFFECTIVE RADIUS = 9000 KILOMETERS

THE WIDE SCATTER OF THE DATA ON THIS FIGURE ARISES ALMOST ENTIRELY
FROM DIFFERENCES IN TERRAIN PROFILES, AND ILLUSTRATES THE

IMPORTANCE OF ANGULAR DISTANCE AS A PREDICTION PARAMETER
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CUMULATIVE DISTRIBUTION OF DEVIATIONS OF OBSERVED

FROM PREDICTED VALUES OF TRANSMISSION LOSS
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I. 3 Preliminary Reference Values of Attenuation Relative

to Free Space, A c

1. 3. 1 Introduction

Three main elements of the problem of prediction are the intended application, the

characteristics of available data, and the basis of relevant propagation models. The theoret.

ical basis of the model proposed here in simple, and its advantages and limitations are easily

demnstrated. Preliminary comparisons with data indicate standard errors of prediction con-

siderably greater than those associated with the xpecitic methods described in volume 1, which

are designed for particular applications. However, the method described below is especially

useful when 1'.tle is known of the details of trrraliz it may readily be programmred for a digital

computer; and it is adeqivAfe~ fur most applicatitdns where a preliminary calculated reference

value A crof atternuati.on rt2Axtive to fr~ee saoc'e is dqred. The minimum prediction param-

eters required art! freq(uency. -pa:.~ 'israrce, a!nd effective~ antenna heights. For the other

parameters mentioned typic~al valuea urte. ei.%fgetsted i'or sU-.Lticr.2 where accurate values are not

kno-vn.

For radio line-of-aigi2t phths the :aic-it.tu.i. :eiererE '.LlIue A cris either a "fore-

ground dttenuatic'n" A for anx extrapolated vi;lue of diffraction attenaction A d . whichever is

gi eater. For trarishorizon paths, A cris C'.ther equal '.o t. d,- to a forward scatter attenua-

tion A ,whichever is smaller.

1. 3. Z TFhe Terzain ,cughness Thicto.r & h

Different types of terratin &re distinguiphed according to the value of k terrain rou.gh-

ness factor 4h. This is the iLterdectle range of terrain heights in me, ters abc'. and Del ,w a

straight line fitted to the nvez a~ge slopnt of the te. rain. When terrain profles are .vailable Ah

is obtained by plotting terrain heights above sea level, fitting a straight line by lea-,t squares.

to define the average slope and obtaining a camulative distribution of deviations o, teri'aii heights

from the straight line. 0',rdtihrily Ah will incr,!ase with distance to ;,n asyniT:. coic v'alu'. This

is the value to be used in these comnputations.

When terrain profaes are nxot avii'.able estimates of ah mnay be obtalied from the fol-

lowing tcblc:

TABLE: L I

Type of Terrain Ali (meters)

Water -o. ver tm-ooth te~rain ~ ~
Smooth terrain 10-20

Sliightly rolling terrain 40-60

H-iily terrain 80-1 50

Rugged mountains 2C 1'

I-29



I. 3. 3 The Diffraction Attenuation Ad

If the earth is smooth Ad = R is computed using the method described in section 8 of

volume 1. If the terrain is very irregular, the path is considered as though it were two simple

knife edge@: a) transmitter-first zidle-second ridge, and b) first ridge-second ridge.

receiver. The total diffraction attenuation K is then the sm of the losses over each knife-edge.

K A (v, 0) + A (v 2 # 0) (1. 1)

These functions are defined by (1. 7) to (1. 12).

The main features of a transhorizon propagation path are the radio horizon obstacles,

the radio horizon rays and the path distance d. which is greater than th sum dL of the dia-

tancee dLt and dLr to the radio horizons of the antennas. The diffraction attenuation A de-

pends on d, dLt' d Lr the minimum monthly mean surface refractivity N , the radio fre-

quency f in MHz, the terrain roughness factor 4h, and the sum )e of the elevations 9et and

0er of horizon rays above the horizontal at each antenna. The latter parameters may be meas-

ured, or may be calculated using (6. 15) of volume 1.

In general, the diffraction attenuation Ad is a weighted averago of K and R plus

an allowance A for absorption and scattering by oxygen, water vapor, precipitation, and

terrain clutter;

AdZ (l-Aj K + A R + Ab (L.2)

where A is an empirical weighting factor:

A - [I + 0.045 (1.3)

dL = dLt + dLr km (1.4)

8 = e + d/a radians, (i.5)
e

a = 63701[ 1 - 0.04665 exp (0.005S77 N )] (1.6)
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The angular distance 0 is in radians and the wavelength X is expressed in meters. The

parameter (a 6 + dL)/d in (. 5) t unity for a smooth earth, where A h/k is small and A-:! .

For very irregular terrain, both Ah/k and (a0 + dL)/d tend to be large so that A a 0.

The. following set of formulas used to calculate K and R are consistent with sections

7 and 8, volume 1.

"- •l r (d-d)/(d-d L +d
v1. 2 2. 2915 L~ d,. t r (ddL) ( L + d Lt, r J(1.7)

A6.02 + 9. 1i v - 1.27v 2 for 0 < v S 2.4

1.0953+ 20 log v for v > 2.4

R= G(x) - F(x) F(x) CI (K 1,) (1.9)

x z B , dtx 2 =B dLr xO B D + xI + (. 10)

B cffC2B B -fiC2 B B .fjC2 B01 0 1 Ob 02 0 o 05 a

W 1 U  (8497/a 2 ) C 0 (8497/a ) (1. 11)

a, = d 2/(2 h ) a, 2 d r/(Z h ,) D( 1.Z)
L t te L r r e a

If the path distance d is less than d 3 as given by (L. 13), it is advisable to calculate

A d for larger distances d3 and d4 and to extrapolate a straight line through the points

(Ad , d 3) and (Ad, d ) back to the desired value (A, d) . The following Is suggested for d3

and d4

d3= d1,+ 0.5(A If)' kn, d4 = d 3 +(a/f) krn (1. 13)

1.3.4 The Forward Scatter Attenuation, A
B

The scatter attenuation A for a transhorizon path Lepends on the parameters d, N,

i, 'el h e, hre and Abe. I the product Od of the angular distance 0 and the distance d is

1-31



srcater than 0. 5. the forward scatter attenuation A. is calculated for comparison with Ad:

,S + 103.4 + 0. 33Z 9d - 10 log (ed) for 0.5< Od n 10

A IS + 97, 1 + 0.212 8d - 2. 5 tog 'Bd) for 10 - Od s 70 (1. 14)

S S+ 86.8 + 0.157 ed + 5 log(6d) for Od 1 70

S 0° + 10 log (fS) - 0. 1 (N - 301) exp(-ed/40) + Abs (1. 15)

H h a- hL [f10.007 - 0.058 eli or

- te re - oj

= 15 db. whichever is smaller.0o  
(1, 16)

The reference attenuation A r A if A < A d

cr s a

1. 3. 5 Radio Line-of-Sight Paths

For line-of-sight paths the attenuation relative to free space increases abruptly as d

approaches d , so an estimate of dL is required in order to obtain Act. For sufficiently

high antennas, or a sufficiently smooth earth, (see [i. 18]). dLt and d.r are expected to

equal the smooth earth values d and d
Lot an Ler

d = -" -a kmrn, d *,.002 a h km (I. 17)

Lot te Lar re

where a is the effective earth's radius in kilometers and h. h are heights in meters

above a single reflecting plane which is assumed to represent the donrinant effect of the terrain

between the antennas or between each antenna and its radio horizon. The effective reflecting

plant is usually determined by inspection of the portion of terrain which is visible to both an-

te nnas,

For a "typical" or "median" path and a given type of terrain dLt and dLr may be es-

timated as

dLt Lst 1 0.9 exp(-1.5 v'W_7"YJ k (I.kma)

dLr d [1 1 0. 9 exp(- 1. 5 -''TT]re km. (I. 18b)

Ll for a median path an antenna is located on a hilltop, the plus sign in the corresponding square

bracket in (I. Ia) or (I. 18b) is used, and if the antenna is behind a hill, the minus sign is used.

If d L 
= dLt + dkr is less than a Known line-of-sight path distance d. the estimates (I. 18a)

and (1. l8b) are each increased by the ratio (d/d L ) so that d = d.

I- U



For example, in a broadcasting situation with h = 150 meters, h = 10 meters, andte re

&h = 50 meters, (1. 18) using minus signs indicates that d Lt= 0.97 dLe and dLr = 0.63 dLs r

For small rrazing angles, (5.6) and (5.9) of volume I may be cr.hir"ed to describe

line-of-sight propagetion over a perfectly-conducting smooth plane earth:

A z40 lo II d - 10 3 "

Alo i 4 he h Idb (i. 19)
te re

where d is in kilometers and hte, hre, and the radio wavelength k are in meters. This

formula is not applicable for small values of hd/(hte hre ) , where the median value of A is ex-

pected to be zero. It is proposed therefore to add unity to the argument of the logarithm in (I. 19).

The expression (I. 19) is most useful when d is lirge and nearly equal to d L . Better

agreement with data is obtained if d is replaced by dL and the constant 10 3/(41T) is replaced

by 4h/k, the terrain roughness factor expressed in wavelengths. Accordin-gly, the foreground

attenuation factor Af can be written as

Af = Z0 log FI + d 6h/(h h I+A db.

.te re Abe (.20)

The absorption A defined following (1.2) is discussed in sections 3 and 5 of volume 1. For

frequencies less than 10, 000 MHz the major component of A is usually due to terrain clutter

such as vegetation, buildings, bridges, and power lines.

For distances small enough so that Af is greater than the diffraction attenuation ex-

trapolated into the line-of-sight region, the calculated attenuation relative to free space A cr
is given by (I. 20) and depends only on hto, h re, A, Abe and an estimate of d For long

line-oL-sight paths, the foreground attenuation given by (I. Z0) is less than the extrapolated dif-

fraction attenuation Ad@ so A = A d .

U1 d Lt' dLr, and e are known, these values are used to calculate A d . Otherwise,

(1. 18) may be used to estimate dLt and d Lr and 0e is calculated as the sum of a weighted

average of estimates of 0ee and 0 for smooth and rough earth. For a smooth earth,er

0et, r = -0.002 h /d radians,

and for extremely irregular terrain it has been found that median values are nearly

eet, r = (Ah/Z)/(dLt, r ' 10 3) radians.

Using d rd and (1 - d Id ) respectively as weights, the followingUs L It, r/dLst, r Lt, r/dLit,r

formula is suggested for estimating 8ee, r when this parameter is unknown:
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. 00 05 Let,- rI &h 4 h radianZIa)ot, r d dLet. r d dLt, r to, re

e = st S r or S s - dL /a, whichever is larger algebraically, (I. 21b)

As explained 'ollowing (1. 12), the formulas for Ad require a path distance d greater

than d3 . For a line-of-sight path d is always less than d L' so A d is calculated ior the

distances d3 and d4 given by (1. 13) and a straight line through the points (A 3 , d3) and (A4 . d4 )

is extrapolated back to the desired value (A, d). This etraight line has the formula

A d a A + M rA db (1. 2Z)

where

M r (Ad4 - Adi)/(d4 - d I) db/krn (I. 23)

A e  Ad4 - Md. db. i. Z4)

The straight line given by (I. 22) intersects the level Af where the path dintance is

df M(Af- Ae)/M kin. (1.25)

For dsdf, Act Af, (1. 26a)

For d > d, Ac26

1. 3. 6 Ranges of the Prediction Parameters

These estimtae of A are intended for the following ranges of the basic parameters:ci

TABLE 1. 2

20 s f s 40.000 MHs s ds 2000 krn

k/IZs' s 10,000 m 250 s N s 400

-d L/as 0e s 0.2 radians 0 s Abe s 50 db

.1 dLot S dLt L 3 dLot . dsLr s dLr s 3 dLsr
0 Ah s 500 m
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I. 3. 7 Sample Calculations

Table I. 3 lists a set Of sample calculations referring to the example introduced after

Table 1. 1. Values for the folowing independent parameters are assumed: h te 150 rn, hrei

10 in, Ah 50 m. N a 301, fm 700 MHz. d Lt= 49.0 km, dLr • 8.2 km, 8e -0.00634

radians, Abe 0 0 db. An appropriate equation number is listed in parentheses after each of

the calculated parameters in Table 1. 3. For these calculations the arbitrary distance d3 was

set equal to L + I instead of dL+ 0.3(a2/f)I

TABLE 1. 3

dL R 57.2 kra (1.4) a = 8493 krn (1.6)

Ab/I = 116.8 Af = 9.3 db (1.20)

4 3 5o.2 krn d4 
= 105. 1 km (I. 13)

03 0 0.000514 red. e4 = 0.00603 rad. (I. 5)

v3  0.096 v4 = 1.95 (1. 7)

Vl3 0 0.0174 v 1 4 z 1.014 (1.8)

v23 • 0.0166 v2 4 2 0.546 (1.8)

v 3 P3 f 0 .10 v4 P4 = 1. 8 7 (1.9)

P3 a 1.04 P4 % 3.96 (1.9)

A(v 3 ,0) = 6.9 db A(v 4 ,0) = 18.9 db (I. 10)

A(v13, 0) x 6.2 db A (v 1 4. 0) = 14.0 db (I. 10)

A (v2 3, 0) 2 6.2 db A (v 2 4 ' 0) - 10.6 db (I. 10)

A(0, p3 ) = 16.0 db A(0, p4 ) a 14.7 db (I. 11)

U(v 3, p3 ) a - .9 db U(v 4 Pp4 ) c 14.7 db ii.12)

K 3  12,4 db K 4 a 24, 6 db (1.6)

R 3 10. 1 dB R 4  -55. 3 db (.5)

a S 3 + dL  a S 4 + dL

4 1.058 d4 , 1.0323m

A 3 a 0.667 A4 a 0.669 (I. 3b)

A d 29.5 db A d 58. 5db (1. 3a)

d 3 0 .3 0.0299 d 4 0 .4 x .634

H04 = 3.8 db (1. 16)

5 = -.56..5 db (1. 15)

AS4 2 49, 1 db (1. 14)

A .29.5db A 2 49.1 db
er) cr#

For this exemple, M = 0.619 db/km, A -6.49 db, and df=2 5.5 km. The correspondinge

basic transmission lose Lbcr and field strength Ebcr for distances less than df are 98. 65 +

20 log d db and 97.6Z - 20 log d db, respectively, corresponding to a constant value A =cr

A, 9.3 db. Ingeneral:
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Lbcr = 32.45t20 log d+ 20logf+Acr db (1.27)

Ebcr  106.92 - 20 log d - Ac " db (1.28)

For the example given above, Lbcrsf 154.2 db, Lbcr4 178.9 db, Ebcr = 42. 1 db, and

E bcri 17.4 db.
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Annex I

AVAILABLE POWER, FIELD STRENGTH AND MULTIPATH COUPLING LOSS

I. I Available Power from the Receiving Antenna

The definitions of system loss and transmission loss in volume 1 depend on the concept

of available power, the power that would be delivered to the receiving antenna load if its

impedance were conjugately matched to the receiving antenna impedance. For a given radio

frequency v in hertz, let z , z and z represent the impedances of the load, the

actual lossy antenna in its actual environment, and an equivalent loss-free antenna, res-

pectively:

z1V= r,, + i~l xLI IV)

z' r' + ix' (I. 1b)V V V

z =r + ix (U. Ic)

where r and . represent resistance aad reactance, respectively. Let wry rep-

resent the pow .r (.slivered to the receiving ante..na load and write w' and w , respectively,

for the available power at the terminals of the actual receiving antenna and at the terminals

of the equivalent loss-free receiving antenna. If v' iu the actual open-circuit r.rn. 0.

voltage at the antenna terminals, then

2v t r IV

wf r = - (11.2)

When the load impedance conjugately matches the antenna impedance, so that z =zo or

r a xr an , (11.2) shows that the power wV delivered to the load is equal to

the power w' available from the actual antenna:
ale

v1Z
V

2

w =- -- (II. 3)
ay 4 r'

V

Note that the available power from an antenna depends only upon the characteristics of the

antenna, its open-circuit voltage v, and the resistance r' and is independent of the loadY' V'
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impedance. Comparing (U. 2) and (U1. 3), we define a mismatch lose factor

wo +r' , ri x, + xl, 2

mv w 4 r'
' riv

such that the power delivered to a load equals waV/ImV. When the load impedance conju.

gately matches the antenna impedance, Imv has its minimum value of unity, and wit =

wl . For any other load impedance, somewhat less than the available power is delivered to

the load. The power available from the equivalent loss-free antenna is

2v
wa -r (H. 5)

V

where v is the open circuit voltage for the equivalent loss-free antenna.

Comparing (U1. 3) and (IL. 5), it should be noted that the available power w' at theav

terminals of the actual lossy receiving antenna is less than the available power wa I werV' aV

for a lose-free antenna at the same location as the actual antenna:

a
rev

I a- X a 1 (11.6)
Wa' Vr 1

The open circuit voltage v' for the actual lossy antenna will often be the same as the open

circuit voltage v for the equivalent loss-free antenna, but each receiving antenna circuit

must be considered individually.

Similarly, for the transmitting antenna, the ratio of the total power w' delivered to
tiv

the antenna at a frequency V is let. times the total power wtV radiated at the frequency v:

Metv " WV/Wti . (H. 7)

The concept of available power from a transmitter is not a useful one, and I for the trans-et"

mitting antenna is best defined as the above ratio. However, the magnitude of this ratio can

be obtained by calculation or measurement by treating the transmitting antenna as a'receiving

antenna and then determining IetV to be the ratio of the available received powers from the

equivalent loss-free and the actual antennas, respectively.

General discussions of I are given by Crichlow et &1.[ 1955] and in a report pre-er i-

pared under CCIR Resolution No. 1 [Geneva 1963c]. The loss factor I was successfully
en-
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determined in owt case by measuring the power wry radiated from a loss-free target tmns-

mitting antenn.i and calculating the transmission loss between the target transmitting antenna

and the recetving antenna. There appears to be no way of directly measuring either I orerr1

Iet v without calcu.ating some quantity such as the radiation resistance or the transmission

loss. In the case of reception with a unidirectional rhombic terminated in its characteristic

impedance, Iet' could theoretically be greater than 2 [Harper, 1941 ], since nearly half

the received power is dissipated in the terminating impedance and some is dissipated in the

ground. Measurements were made by Christiansen [ 1947] on single and multiple wire units

and arrays of rhombics. The ratio of power lost in the termination to the input power varied

with frequency and was typically lees tnan 3 db.

For the frequency band Y I to V' it is convenient to define the effective loss fac-

tors L and L as follows:
er et

j dw av/dv ) dv

L r10 log db (I.8)

r m (dwA /dv) dv

m

L a 10 log -. db (11,91e t

11m

The limits vi and vm on the integrals (U1. 8) and (1U. 9) are chosen to include es-

sentially all of the wanted signal modulation side bands, but Y is chosen to be sufficiently

large and v sufficiently small to exclude any appreciable harmonic or other unwanted radia-m

tion emanating from the wanted signal transmitting antenna.
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The following paragraphs explain why the concepts of oifective power, and n

equivalent plane wave field strength are not recommended for reporting propagation

data.

A half-wave antenna radiating a total of w t watts produceF a free space field

intensity equal to

8 = 1.64 w /(4wr )watts (11. 16)0 t

at a distance r kilc.-eters in its equatorial plane, where the directive gain is equal to its

maximum value 1.64, or 2. 15 db. The field is linearly polarized in the direction of the

antenna. In general, the field intensity s at a point r in free space and associated with

the principal polarization for an antenna is

ap(r = wt g ()/(4Trr ) wattsiki. (II. }7)

as explained in a later subsection. In (Ii. 17), r r and g (r) is the principal polarization

directive gain in the direction f. A similar relation holds ior the field intensity s (r) as-

sociated with the cross-polarized component of the field.

Effective radiated power it associated with a prescribed polarization for a test ,ntenna

and is determined by comparing a as calculated using a field intensity meter or standard0

signal source with a as measured using the test antenna:P

Effective Radiated Power = W t + 10 10g(a s / W t + G pt Z 15 dbv.' (11. 18)

where G pt I ) is the principal polarization directive gain relativo to a half-wave dipole in the

direction r towards the receiving antenna in free space, ani in gencral is the initial direction

of the most important propagation path to the receiver.

These difficulties in definition, together with those which sometimes arise in attempting

to separate characteristics of an antenna from those of its environment, make the effective

radiated power an inferior parameter, compared with the total radiated power W , whicht

can be more readily measured. The following equation, with W determined frorn (L-. It3),

may be used to convert reported values of Effective Radiated Power to estimates of the trans-

mitter power output WIt when transmission line and mismatch losses Lit and the power

radiation efficiency I/ are known:
et

W W'+ L =W +L +L dbw (H. 19)
w t t t t et It

The elect, omagnetic field is a complex vector function in space and time, and in.forma-

tion about amplitude, polaritation, and phase is required to describe it. A real antenna re-

sponds to the total field surrounding it, rather tlhan to E , which corresponds to the r. n-. s.

amplitude of the usual "equivalent" electromagnetic field, defined at a single point and for a

specified polarization.
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0

',n stder h -v. ,e- -d over eacb half cycle as the "instantaneous, available

sigt.. pOeer, w

w = v /R watts

Ighern V is -the r.,,n. o. wgtr. voltage and RV is thc real part of the impedance of the re-

ceiving antenxta, exprassec: in ohz.. The oigral power w available from an actual receiving1!

auenna is a diectfaly u,.Asurable quantity,

Tho field strength and power flvx densit, on the other hand, cannot be measured di-

rectly, and both depend oa the environment. In certain ideali,ed situations the relationship

,of field strength , and power flux density, a, to the available power may be expressed as

a = e2/Z = w 4w1(gk 2) watts/m2

where e is the r.m. a. electric field strength in votts/r, a is the impedance in free space

in ohms. X is the free space wavelength in meters and g is the maximum gain of the re-

ceiving antenna.

The common practice of carefully calibrating a field strength measuring system in an

idealised environment and then using it In some other environment may lead to appreciable

errors, especially when high gai, receiving antennas are used.

For converting reported values of E in dbu to estimates of WIt or estimates of

the available power W at the input to a receiver, the following relationships may be use-
Zr

ful:

Wit = E +Lft + L +Lt - G t + Lp- Z0logf- 107.ZZ dbw (II. 20

W r = E - Lit- L r+G -L - Z01ogf- 107.22 dbw (11. 21)Zr Z-f gp

W = W' - L W- L - L dbw (U. ZZ)Ar a I r a e r Ir

In terms of reported values of field strength Elk w in dbu per kilowatt of effective

radiated power, estimates of the system loss, L., basic propagation lose Lpb or basic

transmission lose Lb may be'derived from the following equations,

La z 13 9. 3 7 +Lat + Lfr - Gp +G t GPt(^r) + 20logf- E kw  db (11.23)

Lpb 139.37 - Lrt + G t -G p( 1 ) + ZO logf E ikw  db (1, 24)

Lb 139.37 + Lrr +Gt Gpt( l+ 20 logf- Elkw db (11. 25)

provided that estimates are available for all of the terms in these equations.
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For an antenna whose radiation resistance is unaffected by the proximity of its en-

vironment, Lrt Lrr a 0 db, Lft = Let, and L = L er In other cases, especially impor-

tant for frequencies less than 30 NHz with antenna heightp commonly used, it is often as-

suned that L L = 3.01 db, L = L + 3.01 db, and Lf L + 3.01 db, corresponding
rt rr ft et Er er

to the assumption of short vertical eleztric di.ulues above a perfectly-conducting infinite plane.

At low and very low frequencies, Let' Ler. Lift and Lfr may be very large. Propagation

curves at HF and lower frequiencies may be given in terms of L or L so that it is not
p pb

necessary to specify Let and Let

Natura~ly, it is better to measure L directly than to calculate it using IU. 23. ItB

may be seen that the careful definition of L s , L p L, or L is simpler and more direct

than the definition of L ,, Lb, A, or E.

The equivalent free-space field strength E in dbu for one kilowatt of effective0

radiated power is obtained by substituting Wt = W t = Effective Radiated Power = 30 db',

Gpt (F )=Gt=2. 15db, LIt=Lf0db, and L pb= Lbf in (11.18) - (11. 20), where Lbf is given by (2. 16):

E = 106.92 - 20 log d dbu/kw (U. 26)

where r in (2. 16) has been replaced by d in (1.. 26). Thus e is 222 mnllivolts
0

per meter at one kilometer or 138 millivolts per meter at one mile. In free space, the

"equivalent inverse distance field strength", E V is the same ae E . If the antenna radia-

tion resistances rt and rr are equal to the free space radiation resistances rft and

rfr0. then (LU. 25) provides the following relationship between E kw and Lb with

0 p.(r) G t:

Eikw = 139.37 + 20 logf - Lb dbu/kw (1. 27)

Consider a short vertical electric dipole above a perfectly-conducting infinite plane, with an

effective radiated power = 30 dbw, Gt z 176 dh, and L - 3.01db. From (11. 18) Wt 30. 39

dbwg since G pt(F) 1. 76 db. Then from (I. 26) the equivalent inverse distance field is

E I = Eo + Lrt + Lrr = 109.54 - 20 logd dbu/kw (11. 28)

corresponding to eI = 300 mv/m at one kilometer, or eI = 186.4 mv/rn at one mile. In

this situation, the relationship between Ek w  and Ib is given by (11. 25) Ik

E 1kw 2 142. 38 + O logf - Lb dbu/kw (U1. 29)
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The foregoing suggests the following general expressions for the equivalent free space field

strength E and the equivalent inverse distance field EI:

E ° =(W t - Lrt + Gt ) -20 log d + 74.77 dbu (11. 30)

EI : Eo + Lrt + Lrr dbu (11. 31)

Note that Lrt in (11. 30) is not zero unless the radiation resistance of the transmitting

antenna in its actual environment is equal to its free space radiation resistance. The defi-

nition of "attenuation relative to free space" given by (Z. 20) as the basic transmission

loss relative to that in free space, may be restated as

A = Lb - bf = L - Lf = E - E db (U. 32)

Alternatively, attenuation relative to free space, At, might have been defined (as it some-

times is) as basic propagation loss relative to that in free space:

A t =Lpb f A - Lrt Lrr = E - E db (11.33)

For frequencies and antenna heights where these definitions differ by as much as 6

db, caution should be used in reporting data For most paths using frequencies above

50 MHz, Lrt + Lrr is negligible, but caution should again be used if the loss in path

antenna gain L is not negligible. It is then important not to confuse the "equivalent"gP
free space loss Lf given by (2. 19) with the loss in free space given by (2. 18).
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11. 3 IMULTIPATH CO 1 IPLING LOF5

Ordinarily, to minimize the transmission los- (e'wcv. ., -ntenonas, they are oriented

to take advantage of mnaximum directive gains (direc ": ,rizations are matched.

This maximizes the path antenna gain. With a sing E~K 'cincident upon a re-

ceiving antenna, there will be a reduction in the powetr to' .antenna beam is not

oriented for maximum free spatce gain. If the pola.iinatior. c( ti-iag antenna is matched

to t1-_. -f the incident wave, this loss in path antenna gain is Cit o ''orientation coupling loss",.

.- rd if ot'ar,i is pilarization miamnatch, there will be an additional "polarization coupling loss'.

lit trer1 mrnor that one plane wave will be incident upon a receiving antenna from a single

sc.u. re bi :audt oi rcflezt,n, diffraction, or scattering by terra.in or atmospheric irononoge-

x I! ies Mis, atcf; betvkeer. tne -celative phases of thefle waves and the relative phases of the

1 tiying a-.f -r..a re'tponee jr. different. cirections will contribute lo a 'multipath o.oupling loss"

w'A±ch ''il ,r zlude r .ent~tion, p,)li.rjza~ion, an~d phase mnis-ratch effects. Yi rcultipath propa-

'n in'-ojivcs ror: ifeirn waves whose arn-p itu s. polar izations, anid phases can only b,,

('Locribed stadatic tlly, he -.c'r-_ecpo.)eing Iots i.- patli an-terna gain will in~ludc "antenna-to-

medium coup!ing loss". a statis' cal a-,-rare f phase inccoherince effocts

Thin part of the iLnnfX irdicates how m-...path courlingi loss may be calc lated when in-

cident wa'.','s are plarne ane. uniforr) Nwith k-iowr phases, nnd *"ethe directivity, polarization,

funA phase response of th, recelving aritena -. e known for eve ry dlre<.tion. It is assum2d that

the radiation resistance of the receiving ant -ia io unaffoeted by tv environment, and that the

electric and mnagnetic flela vectors of every incidenit w~ave ar. pe: pendicular to each other and

perpendicular to the dire,_ton of propagati i.

IL. 3. 1 Repre'sen tion of Complex Vt c'.cor il.

Studying the response o~ a rec ving antenna to cohe.-ently pha! e'i plane waves with

iJvvral different directiono of arvival, it is convenient to loczta t ic- t eceiv.ng *ctnaat the

ceriter of a coordinate qs.e... A adio ray traveling a distance r fr n% a t:anjzniitte.r to the

roceiver mcay be refraceted or -efl acted so th.t 11L initial and final dii -ct~o , a e difto-rcrot,

If - P is ti'e direc~ior, of propagation at che receiver, r r is tie Vi-t d: .' Iro.r. Ow

r-!ceivor o the tianimitter if the ray path '.s a straight line, b-at not otlc, r .'cs-

A pi, er ty Kzl ,o 19)51] show's hew the_ amplitude, phase, ari'cr p):cl r. 'k: i a u ufer ic,

movioch'or-atic, elliptical' ,o.arized andi locallk plane %,6-ve may 'le cvxpre. -e I %tth the ai:

n-i complex ver,;ors. For in, tance, SoICr a wav.e noay he eXPx CSbeo a Co:c reVac j .- ifE0 a

e~tolnary p'lrizei .omplux plane waves \ e.exp(. -t) and a x ,

ornpine.&t. are i-i timc phame qui-drature and travel in th, -imt ji,- tiec 1, v*' i

and1 a and a -, r vEl ve c zor s pe rpe.i c ul a, te o.' he v':!-r C, + !I LS Ir cr.p -

vect, 'x Field atrengt' s are denoted in voltl 1ki (10 3 col c -ceLLj irem incr) ii ii._!- iit

tiftic iL watts /l:m 2(10 -3roililwatta p-.- squeare meioter), iiji-( il ~ e kiimte~



The time-varying phase

T = k(ct (II.3)

is a function of the free-space wavelength X, the- p.oagation constant k 2f/k, the free-

space velocity of radio waves c = 299792.5 ± 0. 3 km/sec, the time t at the radio source,

and the length of a radio ray between the receiver at.d the scarce.

Figure Ii-1 illustrates three sets of coordirates which are useful in studying the phase

and polarization characteristics associated w.th the radiation pattern or response pattern uf

an antenna. Let r r represent the vector disance between the antenna and a distant point,

specified either in terms of a right-harded cart,-s).an unit vector coordinate system go' g1,

f or in terms of polar coordinates r. 6. € :

f r x + 9 x + Z_ r x +X+ x (11. 35a)
0) 1 1 4Z'0 1 2

X0  r osO, X, = r sin ecos 4, X2 = r sinesin' (I. 35b)

= F(0, () = Rocos C + f.t cea4, + IZZ sin$4)sin0. (11. 35c)

As A gencral rule, either of t.'o antennas stps rated by a distance r is in the far field or

radiition field of the other antenna if r > 2D-',', where D is the largest linear dimension

of either antenna.

The amplitude and polarization o cectri field vectors e 0 and e4 ,. perpendicular

to each other and to V, )s often calcul~ted jr rncasured to correspond to the right-handed

cartosian unit vectcr coordinate sy-tern V Poo illustrated in figure 11-1, The unit vector

ei perpendi-ular to f and Ro, and e0 is Ferpendicular to E 0 and P. In terms of vector

cross- pred ukt is:

(x~ )/s i 0~ : sin (p- SZ 2Cos (U. 3 6a)

•( - icos 0)/sinO, (L. 36b)

The dire,:ctive gain g. a scalar, :r.y be expressed as the sum of directive gains g( and

9 associated with polarization cormponents e 0 - e 0 and e = e e where the coeffi-

cients e) and e 1 are exprea.cd in volts /km:

g = g 0  + g " (II. 37)

Subscripta ( and r are used t) refer to the gains gt and gr of transmitting ad receiving

antetinas: while g is the ratio of the available me.n power flux derisity and v ou/ , where
0
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e as defioed by (I. 38) Is the free space ficld strength at a distance r in kilometers from0

an isotropic antenza radiating w t watts

• E (4rr )] volts/km. (L. 38)

-7

Here, 1o = 4nc . 10 = 376. 7304 * 0.C004 ohms is the characteristic impedance of free

space. The maximum amplitudes of the 6 and * components of a radiated or incident field

are 1I01i - and 1%i1T, where

e e. g -  volts/kn, I e e e= e gV volts/kni (L. 39)

lf phases T0 and 7 are associated with the electric field components e0 and e., which

are in phase quadrature in space but not necessarily in time, the total complex wave at any

point r is

VY- c)OXP (I T) = % [e exp (i 7 8) + e 4exp (l T) 0 exp (i T). (.40)

From this expression and a knowledge of e, ., Te, €, we may determine the real and imaginary

components r and ei, which are in phase quadrature in time but not necessarily in space:

a aS e CosT +0 Ct (I1. 41a)
r r e0s T0 + ; s

ecc - ei :e,: amn1 + e sin?,~ (U.,41b)

The next section of this annex introduces components of this 'wave which are in phase quadrature

in both time and space.
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11. 3. 2 Principal and Cross-Polarlzation Components

Principal and cross-polarization components of an incident complex wave

-T + i-O )exp(it) may be defined in terms of a time- independent phase r, which is a
r 1 I

function of r [Kales, 1951]. Ifwe write

7r + i'; i u 17; 1 + ie,) exp (i i) (Uz.4 2)

e 1i '; , wef nd t a

and solve for the real and imaginary components of the complex vector e1 + ie 2 , we find that

e I = e= e rcoor + e. sin-r (U.43a)

Ser e 22e. e
c o s Ti - er sin i . (1.43b)

Whichever of these vectoi s has the greater magnitude is the principal polarization component

, and the other is the orthogonal cross-polarization component '; :p c

2 Z 2 2 2 -
e l = e r cos Ti + e L sin T 7i +e i )  (U.44a)

2 2siZi 2 2 I"~•2 Z e + e i cos Ti - e a1 sln(1t1 ), (U.44b)
r

The phase angle 7 1 is determined from the condition that al * 2 a 0:

tan( Z'T) a Z2 . ( - e 2 (U1. 45)
1 r /( r - s)

Any incident plane wave, traveling in a direction -P is then represented as the real

part of the complex wave given by

,r*_ 7k)]( T 0%T(7 _ c ~)eXpi(T + T~] (11.46)

The principal and cross-polarization directions 9 and 6 are chosen so that their vectorp c
prd,iLt i a unit vector in the direction of propagation:

p c
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A bar is used under the symbol for the complex vector " a7; + i_; in (I1. 46) to distinguish
p c

it from real vectors such as e., e+. er'• ., e and c The absoluto values of the vector

coefficients • and • may be found using (11.44).
p c

As the time t at the transmitter or the time T at he receiver increases, the real

vector component of (11. 46), or "polarization vector"

-~e coo ( + T T)- e in ( + T
p o c

describes an ellipse in the plane of the orthogonal unit vectors Sp = /0 and Sc = /e

Looking in the direction of propagation - r (0, t) with • and • both positive or both negative,

we see a clockwise rotation of the polarization vector as T increases.

Right-handed polarization is defined by the IRE or IEEE and in CCIR Report 321 [ 1963rn] to

correspond to a clockwise rotation of a polarization ellipse, looking in the direction of prop-

agation with r fixed and t or T increasing. This is opposite to the definition used in classical

physicA.

The "axial ratio" ec/e of the polarization ellipse of an incident plane wave.
p

qTcexp[i(-r + -r)] Is denoted here as

a le c 11. 48)x C p

and may be either positive or negative depending on whether the polarization of the incident

wave is right-handed or left-handed. The range of possiblo values for a is -I to +1.
x
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II. 3. 3 Unit Complex Polarization Vectors

It the receiving antenna were a point source of radio waves, it would produce a plane

wave ae exp(i(T + -r)] at a point r in free space. The receiving pattern of such an
ir d)

antenna as it responds to an incident plane wave 4T7eexp[i(r + r)] traveling in the opposite

direction -? is proportional to tho complex conjugate of er exp (i T (r S. A. Schelkunoff and

H. T. Frile. 1952]:

17-rexp(i -r ( pr e )erxp(.ilr) (11.49)

The axial ratio ecr /epr of the type of wave that would be radiated by a receiving antenna

is defined for propagation in the direction F. An incident plane wave, however, is propagating

in the direction -P, and by definition the sense of polarization of an antenna used for reception

is opposite to the sense of polarization when the antenna is used as a radiator. The polarization

associated with a receiving pattern is right-handed or left-handed depending on whether a xr

is positive or negative, where

a x -e /e pr c = -e a . (1U. 50)xr cr pr cr pr xr"

The amplitudes le pri and lecr I of the principal and cross-polarization field components
ep and e cr are proportional to the square roots of principal and cross-polarization directive

pr c

gain@ gpr and g cr, respectively. It is convenient to define a unit complex polarization

vector fr which contains all the information about the polarization response associated with

a receiving pattern:

1 r (pr cr axr)(I a) 1 .5

2
a 2 = 9/g 52)
xr cr pr•

The directions S and S are chosen so thatpr cr

5 pr X cr (U. 53)

In a similar fashion, the axial ratio a defined by fIi. 48) and the orientations 9 andx p c

of the principal and cross-polarization axes of the polarizdtion ellipse completely describe

the state of polarization of an incident wave NI-! exp i(T + T and its direction of propa-

gation - e x= e c . The unit complex polarization vector for the incident wave is

p 1
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2 1/2
+ ica)( +a ..V/  (. 54)

The magnitude of a complex vector + = " ie- is the square root of the product of 7 and
Sp c

its complex conjugate p ie c

pi

Iie + - ee volts /kr. (UI. 5 5)
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UI. 3.4 Power Flux Densities

The coefficients e and e of the unit vectors S and 9 are chosen to be r.rn. s.p c p c
values of field strength, exp-essed in volts/ki. and the mean power flux densities a and

P
s associated with these components are

Z 2sp = ep /o watts/kn, sc = ec /io watts/krn * (U 56)

The corresponding principal and cross-polarization directive gains gp and gc are

p C 41r2 s F/wt gC = 4 cr2 ac/Wt (U. 57)

where w t is the total power radiated from the transmitting antenna. This is the same rela-

tion as that expressed by (U1. 39) between the gains go* g,, and the orthogonal polarization

components e0 and e

The total mean power flux density s at any point where e" is known to be in the radi-

ation field of the transmitting antenna and any reradiating sources is

.2o geo/ o= s + s = +
0  p c Rec 0

-(er2 + a 2)lto = (e2 + e2)/o watts/km2  (IL Sar i 4o e0

g gp + gc g+ g S 
4 rr

e
2 s/P = 8 o/a (H. 58b)

where e is given by (Lt. 38). The power flux density s is proportional to the transmitting
0

ante-na gain g t but in general g is not equal to gt as there may be a fraction a of
P

energy absorbed along a ray path or scattered out of the path. We therefore write

gg + a (I + a apgt. (U. 59j9 9p x p pt x pt

The path absorption factor ap can also be useful in approximating propagation mechanisms

which are more readily described as a sum of modes than by using geometric optics. For

instance, in the case of tropospheric ducting a single dominant TEM mode may correspond

theoretically to an infinite number of ray paths, and yet be satisfactorily approximated by

a single great-circle ray path if a is appropriately defined. In such a case, ap will

occasionally be greater than unity rather than less.

11-16



Orienting a receiv~ng dipole for maximum reception to determine a and for minimumP

reception to determine a c will also deter ine Sp and 9 , except in the case of circular polar-

ization, where the direction of S in the plane normal to r is arbitrary. In the generalp
case where laxI < 1, either of two opposite directions along the line of principal polarization

is equally suitable for S .p
Reception with a dipole will not show the sense of polarizatior.- Right-handed and left-

handed circularly polarized receiving antennas will in theory furnish this information, since

e may also be written to correspond to the difference of right-handed and left-handed circu-

larly polarized waves which are in phase quadrature in time and space:

f; 6+i (e p+ e ) (6 -6a1
e p+ i;'c) 2 - (1 'c - i 21,1 (11.60)

The mean power flux densities s and sI associated with right-handed and left-handed polar-

izations are

ar = (e p+ e C) 2/(2) watts/kin2  (I. 61a)

a, C (e " ec)'2/(2o watts/km2 (11.61b)

so the sense of polarization may be determined by whether sr/a I is greater than r less than

unity. The flux densities a and aI are equal only for linear polarization, where e C= 0.

unit. Th flu denitieIs r



Ti T Tt + T (11. 64)

where T. is a function of the ray path and includes allowances for path lergth differences and
p

diffraction or reflection phase shifts.

Random phase changes in either antenna, absorption and reradiation by the environ-

ment, or random fluctuations of refractive index in the atmosphere will all tend to fill in Lny

sharp nulls ir a theoretical free-space radiation pattern e or e . Also. it is not possible- -r

to have a complex vector pattern _/r which is independent of r in the vicinity of antenna nulls

unless the radiation field, proportional to 1 /r, dominates over the induction field, which
2

is approximately proportional to I /r
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U. 3. 6 Multipath Coupling Lose

Coherently phased multipath components from a single source may arrive at a receiving

antenna from directions sufficiently different so that i and Tr vary significantly. It is

then important to be able to add complex signal voltages at the antenna terminals. Let n = 1,

2. --- , N and assume N discrete plane waves incident on an antenna from a single source.

The following expressions represent the complex open-cirouit r.m. s. signal voltage vn

corresponding to a radio frequency Y cycles per second, a single incident plane wave

,4r-'7n expJi(T + Tin)], a loss-free receiving antenna with a directivity gain grn-nr

and an effective absorbing area aen' matched antenna and load impedances, and an input

resistance r which is the same for the antenna and its load:V

vn (4r VSaen (in'frn)exp i(T+I. "rpn + tn - Trn)] volts (II.65)

i; I o -Wra gt 2 watt/m 2  (11.66)
n 7 ,o="r pn tn n

aen - g rn X 2 / (4) km 2  (r. 67)

+ac)(I+a 2 .- l +xaxrn) cos 4p + i(a + a sa)in4 1 (11. 68)fn" - rn : xn) + Xrn] [( + n axr pn aX.1 axrn) pn]

If the polarization of the receiving antenna is matched to that of the incident plane wave, then

xn = axrn' pn ph , = n rn =1 and

v n= [4r wr apn g g 2/(4nrn)2 '/ , exp i(T + T n -rn volts. (II.69)

If the coefficient of the phasor in (U. 69) has the same value for two incident plane waves, but

the values of r. - T differ by 7r radians, the sum of the corresponding complex voltages
in rn

is zero. This shows that the multipath coupling efficiency can theoretically be zero even

when the beam orientation and polarization coupling are maximized. Adjacent lobes in a

receiving antenna directivity pattern, for instance, may be 1800 out of phase and thus cancel

two discrete in-phase plane-wave components.

Equation (II. 3) shows the relation between the total open-circuit r. m. s. voltage

N Y,

v v v volts (U. 70)L Jn rn
n-

rn I



and the power wa available at the terminals of a loss-free receiving antenna:

w = v /(4r ) watts (I1.71)Wa V V

In writing wa for w in (11. 71), the subscript v has been suppressed, as with almost

all of the symbols in this annex. Studying (II. 65) - (11. 68), (I. 70), and (U.7 1), it is seen

that the 2expression for wa is symmetrical in the antenna gains gp gpr' and g a g

gcr = axr gpr' and that Wa is a linear function of these parameters, though v is not.

From this follows a theorem of reciprocity, that the transmission loss L = - 10 log (\/ tI

is the same if the roles of the transmitting and receiving antennas are reversed.

The basic transmission loss Lb is the system loss that would be expectcd if the

actual antennas were replaced at the same locations by hypothetical antennas which arc:

(a) loss-free, so that Let = Ler = 0 db. See (2.3).

(b) isotropic, so that gt = gr = I in every direction important to propagation bet-ween

the actual antennas.

(c) free of polarization coupling loss, so that [ Pr 2 = I for every locally plane

wave incident at the receiving antenna.

(d) isotropic xn their phase response, so that -rt Tr 0 in every direction.

The available power Wab corresponding to propagation between hypothetical isotropic

antennas is then

SN (a a )cos (T -
S p" _o( ppn pm (11. 7Z)wab ( r r m

(42n-i n

m=I

The basic transmission loss L b corresponding to these assumptions is

' --ld (I.7_o
Lb  - 10 log (Wab/Wt) = Vt - Wab db (.

The basic transmission loss in free space, Lbf, corresponds to N I, a 1 , 1 0,

r, = r:

L = - 10 log [\/(l-r)' 32.4 5 + 20 log f - 20 log r ,Ib (H. 74%

where f is in megacycles per second and i iM in kilumeters. Cmparr wIh (l. i,,

As mTay bt seen frvom the abuve r'lati,ai,, only a fraction b (of thi: tut;,) llix i

s per unit radiated power w contribte- to the: available received puwer w I r,ni N pilan-nn t /k l ,  ",awaves. While s is expressed :n watt/m .. expressed in .."att /'kx: fur ,ach watt
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oi the powt:r w t radiated by a single a rce:

a 4W' 2 (II. 76)
Be =~ Q 47~/kWt

For each plane wave from a given source, en exp(i Tin ) or 2rneXp(-i Trn) may sometimes

be regarded as a statistical variable chosen at random from a uniform distribution, with all
• e2

phases from -n to w equally likely. Then real power proportional to • _r* 1 may be
-n -inadded at the antenna terminals, rather than the complex voltages defined by (U. 65)-(U. 68).

For this case, the statistical "expected value" <s > of a ise e

N
e apn ti n r rn ! 

n
/ 4 r 1  

(S

nl

in terms of s , the transmission loss L is
e

L1. .46 *20 log £ - 10 logo a db. (11.77)

Substituting <s > for a in (11.77), we would not in general obtain the statistical expectede e

value <L> of L, since <L> is an ensemble average of logarithms, which may be quite

different from the logarithm of the corresponding enbomble average <s >. For this reason,e
median values are often a more practical measure of central tendency than "expected"

values. With w and X fixed, median values of sa and L always obey the relationt e

(11. 77, while average values of a and L often do not.

The remainder of this annex is concerned with a few artificial problems designed

to show how these formulas are used and to demonstrate some of the properties of radiation

and response patterns. in general, information is needed about antenna patterns only in the

few directions which are important in determining the amplitude and fading of a tropospheric

signal. Although section U. 3. 7 shows how a complex vector radiation or reception pa-ttern may

be derived from an integral over all directions, it is proposed that the power radiation

efficiencies and the gains gr(F) or gt(oF) for actual antennas should be determined by meas-

urements in a few critical directions using standard methods and a minimum of cdlculations.
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IL.3. 7 Idealized 'I he-irctical Antenna Pattern,

Consider a point source of plane wves, r12reseed by complex dipole r7;,)mentb

in threei rmutu~ally perpendicular directions. 9,e, f-ind 9 2  These three unit vec'ors,

illuasti atet i in figure It. 1, define a r~jht- handed e ystem, and it 9e ass~irnied that the ,:¢ rre-

spending ele.-nentary dipoles support r~m.s. currents of I, YI and I2 amperes, respecterely.

The correspondi-ig peak scalar current dipole moments are r7 I I ampere-kilometers,
m

whera m = 0, 1, 2, and the sum of tl1e complex vector dipole moments 5Z -7 IexP(i T)
m M'.

ry-a, be e) prseijed ao follows:

a a + ia (1. 7$a)

a, =1 7 
I*(t c0 + 1 c 1 + 2 c2), aZ = Fda o 0 +isl 9 ) (11. 78b)

2 2 2 2
:1 + s-,, c I /I)cos 6 -(1 /1' sin T m = 0, i,2. ,,11. 7

0 1 Z o ' I n.' m n irn

h-, ., '1, and T r ,present initial phases of the currents supported by the elementary

dipoet. The time phase factor is assumed to he exp(ikct).

U-.ngm the same unit vector coordir.ate sy,tem to represent the vector distance r from

thts idealized point source to a diatar.t point:

x x = r (1.. 80)

where x 0 , x 1 , and x% are givei by (U. 35.)) as f'ncdonu of r. @, 6. The comnDhex wave at

r due t-. orie of the elementary dipoles is polarized in a direction"

X(Q nX) = in - x /r (U. 81)
IV. Ifl m

wh :7h ,e pecfend;cular to the propaS,.,,Jn direction F and in the plane ef R and F. The

wt. ct.plex wa fe. at r may be represented in the form given by I. 41):

N7 "e rC)exp(i T) = - (e + le.)xp(iT) 7 ,-7 (P + i c)eXp(i(T + Tr r j

x (ax r,] [ o(2. r)l exp(ir) (1.82)

T k (CI - r) + -/4 (II.83)

'" • r- " '' "F] 10 i(;:Xr) v')'tb,',-r1 (I .,il

1; 11-23
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4-72. = (a 2 Z e)] o r) volts/kim. (I. 84b)

The total mean power flux density e(r) at r is given bj (11. Wa):

4 r2 2 Z1 - r 2 2-
() = (e +( /) .aI [a a +

2/
The total radiated power w t is obtained by integrating s(r) over the surface of a sphere

oi radius r, using the spherical coordinates r, 0, . illustrated in figure 1IL I :

_2" " Zir 2o(22) Z

w t  d+ dO r/(') sin E , wts (11.87)

o .0 3X

From (11.V7) it is seen that the peak scaLar dipole moment %'211 used to define a and

a2 in (ii. 7$ may be expressed in term; of the total radiated power .

47II W w I~wWTampere -kilometers .(.8
t 0

The directive gain g(7) is

2 - 3 I 110) ZI~ a
g(;) 4w r s(r)/w % \ I- coso . sin a coso*

s $ in2 0 in 2~ (C 0 1coo~ + +c U2 sn.0) sjn(20) -C l2 sin 2 
e fin(Z)] (U. 89)

This 18 the most general expression possible for the directive gain of any combination of

elementary electric dipoles centered at a point. Studying (11, 89), it may he shown that no

cumbinatitn of values for 10. 11 I .20, "rl, Ir2 will provide an isotropic radiator. An

defined in this anrex, An isotropic antenna radiates or receives waves of any phase and

polarization equally in every directio.,

LI-Z4
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For the special case where I0 = I 1  I2 = INT'. ?OT/Z. - 1r 0, and T 2 =w,

(11.89) sho%%is that

g(;) I + sin2  sine cos . (11.90)

With these speclfications, (IL 76) shows that c = 0, c c 2 = 1/N3c, so =

a, = a2 = 0, and (11.78) with (1.88) shows that

; 2 - ,b 1L91 )

Lo

Substituting next in (11. 84) with the aid of (I1.2):

-; = eo(^ - - b 2 ), '1 :e() o - -cos0)
r o0 21 0

7

eo -- now / (4wr 2 ) b 8 in 0(C03 bin (11. 3)

The principal and croes-polarization gains determined using 1I1.57) and (I.58) are

gp (^r) = I + sin2 (sin coo - 'Z) , go(;) = ,.Z sin 0 . (11.94)

Thc subscripts p and c in (IL9O) should I, r,'vcre(d whenever g(0 , ) i- less than

sin 20. Minimum an(i maximum values of g are lI/. and 3/Z while g ranges from

1/3 to I and g from 0 to 1/2.

The importance of phases to multipath coupling is more readily demonstrated using

a sornewhat more complicated antenna. The following paragraphs derive an expression for

a wave which is approximately plane at a distance r exceeding 200 wavelengths, radiated

by an antenia composed of two three-dimensional complex dipoles located at -5 X S and
0

+i\ c and thus spaced 10 wavelengths apart. When the radiation pattern has been0

(icturlfind, it %%ill be assumed that this is the receiving antenna. Its response to known

plane waivt f:'-om t o given directions will thcn be calculated.

With the radiated power w divided equally between tvo three-dirnensional complex

dipoles, a is redefined as

(b 7" - +I (1195_ b- I 2

I I n n i i i n I n ~~~~~i ¥i i.. -ii ini -i r |...T



Since 5 X is negligible compared to r except in phase factors critically depending on

r I - r2 ' the exact expressions

"7I =r- 5X -° , rz ='r+ 5 o X0.96)

lead to the foUowing approxinations and definitions:

rI  r(l-t) , r 2 = r(l+) , = 5(X/r) cono 0(I.97)

r =r(1+) -Z sec0, 0 = rl-u)+ ; secO (1198)

r= Cons +1(x coo4 + x 2 sLn4) sine (11.99)

For distances r vxceeding 200 wavelengths, j ( < 0.025 and , is ncglected entirely,

so that

r, r- 5X o , r 2 ='+5r rU. T0(5)
o 0

At a point T, the complex wave radiated by this antenna is approximately plane and

may bc reprcs-nted as

%(7 i .e + i C, xpli -r) = ."" 1cpl l exp(i tz 101

.r 1/p~ Lr, + z

where

k(ct - r) + "w/4 (1. 102)

T T + T . = " '. , a 10 "7 COo 0 (II. 1C 3)

As in (II. '.2) , the wavc5 rauiatcd by the two main elements of this antenna are roprcbcntcd in

(It. 101 as the product of phasors Cxp(i Tl and Cxp(iTr) multiplted by the compl,,x vectors

%r-2 and 1-2c, , respectively:

- --. -.i l - x  ;X ̂ ll '1o /(Z kr) (%/ 0 1 .- a)

r= a Yr, r. 1  r). 10.a 4
2J
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Evaluating ~*r 1 i.e L,# a and with the aid of (1 9 51. . 98). (11. 99) and (U.104):

.!0 r~ bz(1+.) + i coo e -a (sac Go o0 5a

!0" r 2 b "2 ( )''+ i [coo 0 + co(aC Oo O )' (r1. 105b)

2 =to /2) xI - x 2-bz(l1Z4) +ob 2  sec0

+ i[r;0 l+e) -cosO + r (secO e con 0)1 (12.ba

(e12 {Jx b2 ( (I -Z,) b2 a sac ej

+ imxo(l-,) - ^r cose - S4 (sec( - 2 cobo) (ii. 1Ob)

Since the sum and difference of exp(iT1 ) and exp(iT ) are 2 cos a exp(i T) and

aa
2h spr aexp(i), r pectively, aand as defined by (1111) are

a r O ^IeO cO0Iant(.IUa

r oi[;l - b2  1 C5'a 0 x rsc 2cr ) iz1a (.iYa

a ~i M eo [ x - rCos 0 coos'r b 2 122 sac 0 min -r (LI. 107b)

Tecomplex wave + i' iis a plane wave only when - n r ohpr

pendicular to the direction of propagation, r, or when

r(- er + iT') t a nTaF~o sec 0) + I sin@ (coo~ sin 4)l 0 (LI. 108)

which requires that i = 0, sin r = 0, or 0 = 0. If 4 is negligible, the total mean

power flux density in terms of the directive gain g(^) is given by

+ ')/ g(;) a (LL. IOV)
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4
2

g(r) Z ( + sin 2 0 sin cou4) coo (T 1)
a

That w t is the corresponding total radiated power may be verified by substituting (I.108)

(LI. 110) in (11.87), with the aid of (1U. 93) and (I. 103).

Now let this antenna be a receiving antemia, and suppose that direct and ground-

reflected waves arrive from directions r(0,;) equal to

r1(0.32, Tn/4) = 0.9492 o + 0.2224(;I + ;2 )  
(U. lIla)

r 2 (O.28, 0.75) = 0.9611 ;o + 0.1430 ^ + 0.1332 x^2  (LI. IIlb)

Note that and ;2 in (r 1111)are not related to ;1 and 2 in (U. 98) but are two

particular values of r. Corresponding values of Ta, coos T and sin T area

T at = 29.82111 , coO Tat - 0.0240 , sin T - 0,9997 (11. l2a)

1 a- 30.19245 , coo r = 0.3404 , sin - 0.9403 . (1. 112b)az az az

rh incoming waves in the two directions r 1 and SZ are assumed to be plane, and the

distances r1 and r. to their source are assumed large enough so that 4 s ein Tat

and 2 sin Ta are negligible compared to cos T and cos r as. respectively. The plane

wave response of the receiving antenna in these directions may be expressed in terms of the

complex vectors associated with S1 and 72:

+i**, -0oo4eo I'l-z ,(~9 .Zl .~l(.l3,

- - I

rz +ie =0.340 (-0.013 x + 0.998 . - 1.002 2) + i(0.076 - 0.137 - 0.1282rz 2 0 0) 2

(Ul. 1 t 3b

Since er e r 0, (1.44) with (11.42) and (M4I) shows that T = 0, so that r and eri r ra rj i
arc principal and croso-polarization components of the complex vector receiving pattern:

+ie I- +ie (U.114a)

pri ~ Ij cr r



These same equationm show that T = - 0.005 and that23

+ i ' 0.340eo [(-0.013 ' o + 0.999 I " 1.001 x) + 1(0.076 R, - 0.132^ - 0.1I3 ;)1l

pra era .1j

(II. 114b)

differing only slightly from (II. 113b). @ine Trz is almost zero.

The aial ratios of the two polarization ellipses, defined by (11. 50), are

a xr i = - 0.222 a i - 0.143 (11.115)

and the unit complex polarization vectors and *rz defined by (11. 51) are therefore

r 0.674(x- " ) + 1(0.067 x0  0.14Z x 1 - 0.142 x 2 ) (11. 16a)

= (-0.009 xo + 0.692 1 " 0.694;2) +1(0.053 o- 0.095 1 - 0.089 (2 ) * CU.116b)

The antenna gains g r (r ) and g rr ) are given by(II. I10):

gr (r 0.0021, g rr) 0.241 (U.117)

which shows that the gain Gr(r ) a 10 log & (r ) associated with the direct ray is 29.2 db

below that of an isotropic antenna, while the gain Gr (; ) asqociated with the ground-reflected

ray is -6. Z-db. It might be expected that only the incident wave propagating in the direction

-r would need to be considered in determining the complex voltage at the receiving antenna

terminals. Suppose, however, that the ground-reflected ray has been attenuated considerably

more than the direct ray, so that the path attenuation factor a is 0.01, while a = 1.Pa p1
Suppose further that the transmitting antenna gain associated with the ground-reflected ray is

6 db less than that associated with the direct ray, Then the mean incident flux density 2

associated with the ground-reflected ray will be 26 db less than theflux density a I associated

with the direct ray.

In order to calculate the complex received voltage v given by (U. 70) then, the

following is assumed:

r. = 52 ohms, s =1 watt/km 2 (= - 30 dbm/m )
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a a 0.0025 watts/kin, = 0.0003 kmr(f = 1000 Mis

ax1 = 0.2, ax2 = 0.4, '1 /a aIZ 1.5

?j, ,p, + Tt C 0= i Tpa + r .ta a .118)

It will be seen that these assumptions imply a more nearly complete polarization coupling loss

between the direct wave and the receiving antenna than between the ground-reflected wave and

the receiving antenna. The effective absorbing area of the receiving antenna for each wave,

as given by(11. 67) is

a l 1.504 x 10 km a .726 x 10 9kn 2 .(.119)
Oz

The polarization factors are

( i-r)00 i (Z-r? ) -- 0.062 + 0.2361 (U. 1Z0)

and the phase factors are sxp (i T) and exp [i(T+ 3.137)]. respectively. Substituting these

values in (I, 65), the complex voltages are

1151-6 -x i r 26 (.l
v I  -1.175(106)i exp(i-) , v 2 = -(1.887 + 7.0711)(10 " ) exp(i T ). V.. I21)

The real voltage at the azntenna terminals, as given Iy (LL. 70) is

v = (VI + V2)(V1 + v 2 )* 8.33 X 10 - 6 volts = 8.33 rnicrovolts 122)

and the corresponding power wa available at the terminals of the losu-froe receiving

antenna is

w = 0.334x 10 " 2watts, W a- 1Z5dbw =95 dbm (U.123)a a

as given by (U. 71).
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11. 3.8 Conclusions

The foregoing exercise demonstrates that:

(1) Even small changes in antenna beam crientation. transrmission lose, polarization

coupling, and multipath phasing may have a visible effect on the available power at the

terminals of a receiving antenna.

(2) If the formulation of the general relationships for a completely polarized wave

is programmed for a digital computer, it may be feasible to estimate the complete stat-

istics of a received signal whenever reasonable assumptions can be made about the stat-

istics of the parameters described in this annex.

(3) The measurement of antenna characteristics in a few critical directions will often

be sufficient to provide valuable information to be used with the relationships given here.

The nmeasurement of Stokes' parameters, for instance, will provide information about a,,#

gr* %Pp. and both the polarized field intensity er and the unpolarized field intensity so.

These parameters (Stokes, 19Z2 ] are

r + a 0 total mean field intensity (l. 124)

r pQ a sr cwq (2p) cos(,? t p| (11. 125)

U a r cos(ZP) sin(24 p) (U1. 1Z6)

V -- s ain(Zp) (11. 127)
r

where

-l
= tan a . (1i. 128)xr

The unpolarized or randomly polarized field intensity a is determined from (W. 124) and the
0

identity

a ru + v=) ( +1 
1.+2 9 )

Using standard sources and antenna model ranges, the gain gr may be determined from

gr = r /(e 0 , eo 'o P t/(4nr (11. 130)

assuming, if e is measured, that any power reception efficiency 1/1 less than unityo 2e

will affect s and e alike.
r 3
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COORDINATE SYSTEMS FOR
STUDYING ANTENNA PATTERNS

Axor

Figure flI
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I1. 4 List of Special Symbols Used in Annex II

a e a., a The effective absorbing area for the nt h discrete plane wave incident on an an-

tenna from a single source, (II. 67), anA for each of two waves (U. 119).

a , a , a The fraction of energy abso.b.,l alring ray path, or scattered. out of it. (I. 59),
&p pm pn . :. th

and the fraction of energy, a , lor tl.- n a rA n multipath components from

a single source. wheic m and n tak. on in~egral v;hues frmrn I to N, (11. 72)
th

a * a , a Axial ratios of the polarization tllipez- of the n , irst, and acond planexn xl xi

wave from a single source, (LI.68) and (II. 1181.

a, a , a Axial ratios of the polarization ellipse associated with the receiving patter:n
xrn xri xri th

for the n , first, and second plane wave from a single source. (L. 68) and (I. I1 5).

al, a Positive or negative amplitudes of real and imaginary components of a complex
- - -a __ 2

vector. a I + ia2, a = aI+ az, (11.78).

a, The real vector a = a , where . is a unit vector.

al, a 2  Real vectors defining real and imagir.ary components of a complex vector: a

a I + ia , (. 78).

a A complex vector: a a I  ,

a A complex vector defined in terms of the unit vector system i0' x, i2' (11.95).

e The positive or egative amplitude of the cross-polarized vector component ecr cr

of a receiving antenna response pattern, (LI. 50).

e I iThe positive or negative amplitude of the real vector e i associated with a com-

plex plane wave 42 (+ i 'e.) exp (it) , where e and e are time-invariant and
r I r e

exp (it) is a time phasor, (11.41b).

e The positive or negative amplitude of the principal polarization component e ofpr p

a receiving antenna response pattern, (I. 50).

• The positive or negative amplitude of the real vector cmponent • associated withr r

complex plane wave .J, (e r + i e.) exp (iT), where e end e. are time invariant

and exp (iT) is a time phasor, (U.41a).

e Equivalent free space fiela strength, (II. 38).

e 1 , e 2  The positive or negative real amplitudes of real and imaginary components of the

complex polarization vector e, (LI.43).

e 0 , e, The positive amplitudes of real vectors e and e associated with the 0 and *
components of a complex plane wave, (I1.4) figure LI. 1.

e e Real vectors associated with cross and principal polarization components of a uni-
C p

form elliptically polarized plane wave, annex LI, section 11. 3. 2.

a e Directions of cross and principal polarization, chosen so that their vector product

p x is a unit vector in the direction of propagation, (ii. 47).
p c
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, " tcr* e pr Cross and principal polarization field components of a receiving antenna

response pattern. (11.491.
4 :r. apr Directions of cross and principal polarization components of a receiving

antenna responbe pattern, (11. 51), (U. 53).

ei tThe real vector associated with the imaginary component of the time-invariant

part of a comple* plane wave - (er Lei) exp (iT), (U. 41b).

• r The real vector associated with the real component of the time-Invariant partr

of a complex plane wave Y (Z r + ie) exp (i-r), (I1.41a).

e e Real vector components of a complex polarization vector e which has been

resolved into components which are orthogonal in both space and time, (U. 43).

e e' e Real vectors associated with the e and 4 components of a complex plane wave

I T e exp (ivr + * exp (iPr )] exp (iv), where only the phasor exp (i-.)

depends on time, (U1.40) figure U.1.

ee A unit vector 64X f perpendicular to i * and 9 , (11.3 6b) figure 11. 1.

e A unit vector ('I x A)/sin 0 perpendicular to ? and 2 0 (H1. 36a) figure U. 1.O0

• e A bar is used under the symbol to indicate a complex vector: e + IC ,
p

e = e tie , (11.46).-r pr cr - -
r pr cr -*• The complex conjugate of e : e r e - ie

p c
The magnitudes of the complex vectors e and e I (II. 55).

e c ec r I e 0, 1 eurl The amplitudes of the cross and principal polarization components

e e , ande , section U. 3. 3.
c cr 9 Pr

E Field strength In dbu, (11. 20).

E The equivalent free space field strength in dbu, (II. 26).

E The equivalent inverse distance field, (i1. 28).

E 3kw Field strength in dBu per kilowatt -!f,-ctive radiated pow.er, (1. 23) -(11. 25).

g Maximum free space directive gain, or directivity, Section It 3. 4.

gc The croses-polarization component of the directive gain, (I 57).

gcr The cross-polarization component of the directive gain of a receiver, (1. 51).

gp Principal polarization directive gain, (II. 57).

gpr. gpt Principal polarization directive gains for the receiving and transmitting

antennas, respectively, (1.. 59).

grn' gtn The directive gains gr and gt for the nth of a series of plane waves, (IT. 66)

and (I. 67).

g 6  Directive gains associated with the field components ee , e, (L. 37).

g (--) Directive gain in the direction F, (11.89).

g c(r'), gp( ) Cross polarization and principal polarization directive gains in the direction

i, (11.94).

g r l)' g r ( )  Directive gains associated with direct and ground-reflected rays, respectively,

(II. 117).
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Gpt P 1 Principal polarization directive gain of the transmitter in the direction f

which is the initial direction of the most important propagation path to

the receiver, (U. 18) and (L1. Z3) to (U. 25).
t = % nt

I Current in r. m. s. amperes where m = 0,1, 2, (1. 76).
m

10 , 1 f, 12 Current in r. m. s. amperes corresponding to three elementary dipoles in

three mutually perpendicul-r directions, (U1. 76).

k Pi opagation constar" k, (1. 34).

I Used as a subscrif. - a load, for example, aI, represents the

impedance of a load at o frequency v, (. I1).

Ier" L The effective loss factor for a receiving antenna at a frequency v hertz

(U.6), L = 10 log I db, (11.8).err erP
Setv, Letv The eifective loss factor for a transmitting antenna at a radio frequency v

hertz, (I.7). L et 1 = 10 log Iety db, (LT. 9).

I A mismatch loss factor defined by (11. 4).

Lfr' Lft The decibel ratio of the resistance component of antenna input impedance to

the free space antenna radiation resistance for the receiving and transmitting

antennas, respectively, (II.11).

L - L The ratio of the actual radiation resistance of the receiving or transmitting
rr rt

antenna to its radiation resistance in free space, (U. 12), (U. 13).

L Propagation loss, (U. 14).P

Lob Basic propagation loss, (U. 15). Basic propagation loss in free space is the

same as basic transmission loss in free space.

. ' -' n Unit complex polarization vector for the incident wave, (I. 54), and (11. 68).

r' ---Prn Unit complex polarization vector associated with a receiving pattern, (U1. 51)

and with the receiving pattern of the nth incident wave, (1U. 68).

-Irl - -, The complex receiving antenna polarization vectors kr for each of two ray

paths between transmitter and receiver, (j. 116).

r Resistance of an antenna, (11.1).

Magnitude of the vector r = r ? in the directiun i (9, d0), and a coordinate of

the pola, coordinate system r, e, 40, section 11. 3. 1.

r 't Antenna radiation resistance in free space for the receiving and transmitting

antennas, respectively, (L. 11), (I. 12) and (LI. 13).

r it, Resistance of a load, (U1. 1).

r , Antenna radiation resistance of the receiving and transmitting antennae,

respectively, (11. 10).

-, r' Resistance component of antenna input impedance for the receiving and

transmitting antennas, !,espectively, (U. 10).

Resistance of an equivalent loss-free antenna, (II. Ic).

r' lAcuistance of an actual antenna in is actual environment. (11 lb).

" Te c,tor distance betweei, t.o poi nts, r :r , (II. 0).

1-36

............................................... . I I



r A unit vector, (N. 35%

?, e A cartetian unit vect)r coordinate system, (U.35) and (I. 361

a Total m, -. " powc.r flux desity. (I. 58).

a , a Mean "ower Ilkx densities associated with croee-poiariaation, an L
p

principil ple.ir7.atior mpone.nta, iU. 50).

c he fraction 4.f the tot-I /l,,x d ns4 *y thal contribu:es tc the available power,

(11.75).

0 oa. Mean ower flux drnsitJa associated with left-handed, and tight-handed

?p-iarizatic- i, z -spe.-tively, (TI. 61),

Fi eF spar:e field intensity in 'vatlt per uqua± e kilometer, (IU. I')

a me Sticai 'e:pected valuc o s (LI. 76).
e

, ( , 'Mea.n power flux denailile sasociated with :h c-css and principal poial'tza-

tion compr;ezits ot e in tnt. dir'ctr.on ' , (1. 17.

Com.plex open-'ircuiit r. in. ti. sgnal .ol.age for coherently praet-d m.ulti-
n

palh compor-ents, (U. b5).

i,. open --irc id! r m. s volLt;ge icr an eqvivalent lose-free antenna at a

frequent, -. (L. 5

Th- actual o'pen-ctrcuit r. m. is. voltage &t- ti.e antenna terinais at a

frequr...', v, (LI 2).

L e va~la'e p..,W..r Dorre.pon..,ng to propagat~on betv;ear. hypcthetlLal

ie~c1 ntlaazi, (U. -/2) .

-W' 'Ivalieblc o,'r At .he .ermfnals o' .n equivaient losa-free receiving

a:r.nna at a "adic frequeniy ,If. 5,

Avaiiable po-,ver at the termiiale of the Lctual receiving antenna at a radio

•requor.cy t, (Ii 3).

V Pov.'- deltvered to the receiving al'erna load, at a raio frequency V, (I1. 2).

Total po,.r radiated at a ireouencV V, (,I. 7).

St, "I'otal (,;c r dellve, ed to the transmitting an te mnn at a freqiercy b, (1]. 7)

' l(ra - tance of a load, an ac tua: loamy antenna, and an equlvalcrt ioss-frev

ai - ina, r v e c ctiv tI1 ', 'UJ. 1).

One of th: -mutually perpendicular directions, m uO, 1, 2, gection I 3. 7

x U A,, oa . ca, tesian unit vectot coordinate system. (U. 35) figure I.1.

7. . . e of a load, (11. h.

r. .rrqpedan._e -,f an equivalent loss-frce antenre. (I. 1)

;rpedar.ce of an actual lossy antenna, (U. 1).

£1 b te conjugate of Y' , lullov.Ing (U. 1) .
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I A sinall increment used in (11.97) znd (U. 98).

o Characteristic impedaUce of free space, qo-- 4w c.- , it. 9)

0 A polar coordinate, (1.35).

Radio frequency in hertz (cycles per second), sectiou 'I. t.

v vrn Limits of integration (1.8), (11.9).

t The time-varying phA&e T k (ct - r), where c is the frtee sxace %elo,-. y -f

radio-waves, t is the time at the radio aource, *:..I r in the len:n -;h the '*. dlo

ray, (11. 34).

T Time element defined by (U. 103).a

, T The time element T cvx respondir' to direct and ground-reflec.'.. d . Zer

at the receiving antenna. (U. l1).

T A time-independent phase whVir.h is a function oi r, (I. 42), (I1. L.4).

T in -T he time-independent phr.,e for the n component of an, incid.cnt wi-v

section 11.3.6.

J, T The time-independent phase for two componento oi an incideni wav.

(I1. 118).

T * -." T Initial phate of 'be curren*. supported by one of mn e'.ernentary -li jles. 0 a re
m

M z 0, 1, Z, (U . 7 9).

r A fuctio,. of t.. ray _n, includin2 allowaacer for uath leng,'. Jif' eenres

and dfiractio" or reflection phase shitts. jI. '4).
t.i

p' T FI' P1 The p't.e fu-ctiol Tp for the r , first, and uccuud ia-:,- w,, a bxcideit

on at. ant .. & frnrr a tingle source, 1:1.551 1 nd (It. "!8).

J.P- rip, ohrse response for the rt. -eivng .nena, (11 ' ).

, * The &terr~a phAse response, for the r. tir, -i at otto .Lzn3
rln ri rZ r

wave incLdent on the raceivin& antenna, -1.o5) ... d tactirn 1. 7.

T Antenna vhast resoonse for a trar.onmittng .nten..&, (1 61..
t 

t
tn' ' The antenna phase response -r for the n t , firs., anI seconr: r-lane ,

itI.65) and (1. 118)

"' -r.. Phees associawei with the eltctxical Aeld cxnpuneI~s e 0 /. f ?l. 40).

Dne of the polar coordfnaies, r, E, 0, %11.;)9) nd !qUra, Ti.

T );e Acu o anjle, 4,, for eachI of tw IV avel, (.,I8).
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Annex Ill

SUPPLEMENTARY INFORMATION AND FORMULAS USFFUL FOR PROGRAMMING

The material of this annex is organized into the following sections:

I. Line-of-eight

2. Diffraction over a single isolated obstacle

3. Diffraction over a single isolated obstacle with ground reflections

4. Diffraction over irregular terrain

5. Forward scatter

6. Forward scatter with antennas elevated

7. Long-term variability

8. List of special symbols used in annex III

Section I lists geometric optics formula@ for computing transmission lose over a

smooth earth, for aetermining the magnitude and phase of the reflection coefficient, and for

computing a first Fresnel zone along a great circle path. Graphs of the magnitude R and

phase c of the reflection coefficient are includzd. Section 2 gives mathematical expres-

sions that approximate the curves A(v, 0), A(O, p) and U(vp) for convenience in using

a digital computer. Section 3 lists geometric optics formulas used to compute diffraction

attenuation when several components of the received field are aflected by reflection from the

earth's surface. Section 4 defines the parameters K and b for both horizontally and

vertically polarized radio waves. Section 5 snows the function F(Od) for N = 250, 30 1,5

350, and 400, and for values oi s from 0.01 to 1. Curve fits to the function F(8d) and

equations for computing Ho( h = 0) are included. Section 6 suggests modifications of the

prediction methods for use when antenna beams are elevated or directed out of the great

circle plane. Section 7 shows diurnal and seasonal changes In long-term variability.

Mathematical expressions used to compute predicted distributions are shown and a method

of mixing distributions is described. Section 8 is a list of special symbols used in this

anrex.

Section 1. 3 of annex I explains an easily programmed method for obtaining ref-

erence values of attenuation relative to free space Acr for a wide range of applicatiops.

These reference values may be converted to estimates of transmission loss exceeded for

100 p 100 ( I - q) percent of the time by subtracting the quatitep, V(O. 5) and Y(q) defined

by (10. 4) and (10. 5) of volume I and discussed also in section 7 of this annex.
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III. I Line-of-Sight

Simple formulas for line-of-sight propagation which suffice for most applications, are

given in section 5 of the report. Formulas for getimetry over a smooth earth and for deter-

mining the magnitude and phase of the reflection coefficient are given ere. These formulas

may be used when the great circle path terraxa visible to both antennas will support a substan-

tial amount of reflection, and it is reasonable to fit a smooth convex curve of radius a to this

portion of the terrain.

Figure 5. lb illustrates the geometry appropriate for reflection of a single ray by a

smooth earth of effective radius a. In the figure, kP is the grazing angle at the geometrical

reflection point located at i, distance d from an antenna of height h and at a distance d2

from an antenna of hright h . The total path distance d = d I + dZ is measured along an arc

of radius a. The difference, ar, between the reflected ray path length rI + r2 and the length

of the direct ray. r, is calculated to find the phase of a radio field which is the warn of ground-

reflected and free space fields. If Ar is less than 0.06)k, these ray optics formula are not

applicable. For almost all cases of interest the angle 'F is small and the straight line distances

r,, r 2 and r are very nearly equal to the mean sea level arc distances d,. d and d. The

geometric optics formulas given below usually require double-precision arithmetic,

tan cot(d/a)- ( +h /a)'-I coci /ad- I I(.1
tan 4 cot(d /a)- (1 +h /a)- coc(d lIa) L- -U.l)

h dtan 4 -- = ot(d 2 /a) - (1 +-hz/a)F csc(d 2 Ia) - A - Z' Ll. )

r a(h/a) 2  (h /ha)2  2(h 1 Ia)(hZ/a) + 2(1 + hl/a + h./a + (h 1 Ia)(h 2 Ia)](i - cos(dI/a)]}
0 

(III. 3)

(a s.n ,)2 + h (Za + hi) - a sin 4(11.4)

1 L/

r. = 2 (asin+0+h 2 (Za+h - a sin t (UI. 5)

Ar r1  r. - ro 4 r I r2 sin 2, (r I + r 2 + r) 0 (li.6)

Equating (111, 1) and (Mi. Z) and substituting d - d Ifor d 2in (111. 2), the distance d Imay

he determined Vraphically or by trial and error, arid tan'F is then calculated using (111,1)rz 'ta ,i li+ h 'Za+ z



Using double precision arlthmetic, (111. 1) through (1. 6) give an accurate estimate of the

path difference Ar for reflection of a single ray from a smooth earth. This value is then used

In (5.4) or (5. 5) of section 5 to compute the attenuation relaUve to free space.

If either hI or h2 greatly exceeds one kiloneter, and if it is considered worth-

while to trace rays through the atmosphere in order to determine to more accurately,

values of dI or d2 , tabulated by Bean and Thayer [ 1959 1, may be used. Given hi, h2 ,

and the surface refractivity, Ne. select trial values for 41, calculate dI and d 2 , and

continue until dI + d 2 = d. Then (IILl) and (111Z) must be solved for new values of hl

and h2 if (M1.3), (1U.4), and (f.LS) are used to obtain the path difference,

Ar = r + r . r
1 2 o

The symbols R in (5.1) ane c in (5.4) represent the magnitude and the phase

angle relative to r, respectively, of the theoretical coefficient R exp[-i (-c) I for reflec-

tion of a plane wave from a smooth plane surface of a given conductivity 4 and relative di-

clectric cor.stant i . Values of R and c as a function of the grazing angle 4' are shown in

figures 111. to 11.8 for vertical and horizontal polarization over good, average, and poor

ground, and over sea water, The magnitude R of the smooth plane earth reflection co-

efficient is designated R v o Rh for vertical or horizontal polarization respectively,

and is read on the left-hand ordinate scale using the solid curves. The phase angle relative

to w, is designated c or ch for vertical or horizontal polarization respectively, and
v h

is read in radians on the right-hand scale using the dashed curves. As seen from these

figures in most cases when the angle iP is small, R is very nearly unity and c may be

set equal to zero. A notable excepticn occurs in the case of propagation over sea water

using vertical polarization.

In preparing figures I11. 1 to 11.8, the following general expressions for the mag-

nitudes R and Rh and lags (w - cv) and (ir - ch) were used. In these equations,
v h

q is the ratio of the surface dielectric constant to that of air, o is the surface conductivity

in mhos per meter, f i* the radio frequency in megacycles per second, and 4' is the

grazing angle in radians.

x 1.80 X 104 @/f, q = x/(Zp) (ILL 7)

2p 2  [(. -cos 2 + 2 +(..coo (111.8)

b Z + x bh 1 (1119)
pv 2 2' ? 2v +q P +q

Z(pi + q x) _Zp_0

v Z Z h m 2 2
p +q p +q

XLI- 3



R I +b sin m v sin! +b sin2 + rn sin %P

R h2 i'4'm i 1- bF 2i to~ 4+ Mhin+~ (1U.. 12)

V V. V

If- cv =tan - -inJ tan' I(xi,+l(U 3= a ins p " min .p

T- c =tan- ( q +tan-( (111. 14)

The angle c is always positive and less than t, and c h is always negative with an ab-

solute magnitude less than n. The pseudo Brewster angle, where c v suddenly changes from

near zero to iT/ 2, and where R is a minimurn, is sLn -47rW.
v V

For grazing angles less than 0.1 radian, for overland propagation, and for fre-

quencies above 30 Mc /s, excellent approximations to (IIL 11) and (UL IZ) are provided by

the following formulas:

I v = exp (-m v ) (I1L 15)

Rh r exp-mh) (UL 16)

rhe assumption of a discrete reflection point with equal angles of incidence and

reflection as shown in figure 5. 1 is an oversimplification. Actually, reflection occurs from

all points of the surface. For irregulai terrain, thJ8 is taken into account by a terrain

roughness factor ah' (subsection 5.1), which is the r.m. .s deviation of terrain relative to

a smooth curve computed within the limits of a first Fresnm zone in a horizontal plane. The

outline of such a Fresnel ellipse is determined by the condition that the length of a ray path,

r1 + r 2 l corresponding to scattering from a point on the edge of the ellipse is half a wave

length longer than the geometrical ray path, r1 + r., where the angles of incidence and

reflection are equal.

The first Fresnel ellipse cuts the great circle plane at two points, x a and x b

kilometers from the transmitter. The distances x a and x b are deined by the relation

, r sinsin + [(rl+r) cosq _x( r r+ r + k/Z (1117)

I2 1
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The exact solution for x is

Zxa,b(l+ 6 )= ((rI+r 2 )(1+6) + (r 1 -r)] coo (rI+rZ+ X/Z) 4rr, (r,+ Z) 6

(11. 18)

where

r2 = '2 + 2 r , Z + 2 (r +r (h2 '
1 2 2 2 1  = d -

coo d/r = dZ/r 2  , sin 4,= h, /r, h. /r.

6=I X___ + X /si 2

L 4 (r ,+ r 2 ) r I+ r 2

dl, d 2 are defined by (5.7), and X is the radio wavelength in kilometers.

As an alternative method, the points x a and x b may be computed in terms of path

distance, the heights h' and h,, and the radio frequency. In this method, the distance

x 0 to the center of the first Fresnel zone is first computed, then the distance x f rom the

center to the margin of the zone is subtracted from x 0 to give xas and added to give xb ,

X = d/Z[I + B f(h't. h 2 )] kn (I.. 19)

where

B = .3d(1+Zhh /d ) + f(hl +h') (l. 20)
2

X, 0.548 1Bd' f '/d + 0.07(1 +Ih/d l +( +IL 2
-- 7 hhh 2")J L zh'L h'/d._

Xa - x - xI km, Xb= x 0 + x I km•
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The method given in (111.19) to (IZI) is applicable whenever d >> X. If in addi-

tion, h' h < < d2 , the comiputation of B, and x I may be simplilfied as follows:

1- -1

B-- 0.3d + f(h! + h 22 (111. 22)

2 L h J h~ a

x 0.548 B d1 fL hlh'2 /d + 0.0751 1i + (h'I+h' 2 /d2 (In. 23)

J
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THE COMPLEX REFLECTION COEFFICIENT Rd-i(7rC)
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THE COMPLEX REFLECTION COEFFICIENT Rii(V-~C)
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THE COMPLEX RETLECTION COEFFICIENT Re'('ThC)
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THE COMPLEX REFLECTION COEFFICIENT Re i(r-C)
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THE COMPLEX REFLECTION COEFFICIENT R
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III. 2 Diffraction over a Single Isolated Obstacle.

The theoretical diffraction loss curves on figures 7.1 to 7.4 have been fitted by

arbitrary mathematical expressions for convenience in using a digital computer.

The diffraction lose for an isolated rounded obstacle and irregular terrain is given in

section 7 as:

A(v,p) = A(v, 0) +A(0, p) + U(vp) db (7.7)

where the parameter v is defined as

v 2 %rr"-/ ± a 0 - 0 / (7.la)

or

v = 2.583 ee (7. Ib)

and p an index of curvature of the rounded obstacles is defined as:

p = 0.676 r 1/3 f-1/6 [d/r lr 2 )l (7.8)

For an ideal knife edge, (p = 0), the diffraction loss is A(v, 0) and is shown on

figure 7.1. For values of v from -0.8 to l rge positive values, this curve may be

approximated using the following mathematical expressions:

For -0.8 :S v :s 0,

A(v, 0) = 6.02 + 9.0 v + 1.65 vz db. (III. 24a)

For 0 5 v 5 2.4,

2
A(v, 0) 6.02 + 9. 11 v - .27 v (Ill.Z4b)

For v > Z.4,

A(v, 0) 12.953 + 20 log v db. (U). 2 4c)

The theoretica) curve for A(0, p) ia approximated by:

2 3
A(U,p) = 6.02+ 5.556 p+ 3.418 p + 0.256 p i., (IU. 25)

and the curve U('.p) is approximated as follov,,s.
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z 3
For vp _< 3: U(vp): 11.45 vp + . 19 (vp) .. 2 06 (vp) - 6.02 db. (In. 26a)

2 3
For 3< vp : 5: U(vp 13.47 vp + 1. 058 (vp) - 0. 048 (vp) - 6.02 db. (IMl. 26b)

For vp < 5: U(vp) = Z0vp - 18. 2 db' (ilL 26c)

An average allowance for terrain foreground effects may be made by adding a term

10 exp(.2. 3 p) to A(0, p). This term gives a correction which ranges from 10 db for

p 0 to I db for p = I.

'hen reflectionu from terrain or. either or both sides of the obstacle should be con-

siderea, the method given in the following section may be %tsed. This method considers the

diffraction loss and phase lag over the diffracting obstacle, and the path length differences

and reflection coefficients of the reflected waves.
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Ill. 3 Diffraction over a Single Isolated Obstacle with Ground Reflections

Diffraction over an isolated obstacle is discussed in section 7, where ways of approx-

imating the effects of reflection and diffraction from foreground terrain are indicated. Where

the effects of reflection are expected to be of great importance, such as in the case of prop-

agation over a large body of water, the following geometric optics method nray be used.

Figure IH.9 illustrates four distinct ray paths over a knife edge; the first ray is not

reflected from the ground, the second and third are each reflected once, and the fourth ray

is reflected once on each aide of the knife edge. Each ray is subject to a diffraction loss f.

and a phase lag 0. at the knife edge, whre j = 1, 2, 3, 4. Both f. and 4. depend
J *

on the kniife-edge parameter v given in section 111.2. When -he isolated obstacle is rounded,

rather than an ideal knife edge, the diffraction loss depends on v a! V , where p is the

inidex of curvature of the crest radius, defined in section Il.2. The paramett r v may be

written:

: 7TF+ (in. 27)

where A. is
3

A 1 -. r I + r 2 -r 0 , A Z  rll 4 r12 + rz - r 0 2

A =r + r 1 + r r, A4 4 r,, + rlz + r2 1 + r z z - r 0 4  (111. 28)

Path differences A. used to calculate v. in (111. 27) are closely approximated by

the foliowing formulas;

A. =d 0. , d dd/(d), 0.n 0 + o.
, r j r j Jr

01r : 0, 0 2d I/dl, 03 r = 2d 2z2/d2, 04r 0Zr + 03r . (1. 29)

The total phase change 0 (v, p) at an isolated rounded obstacle is

-D'. = 0.(v,p) = 90 v2 + c((v,0) + (O,p) + 4vp) (III. 30a)

where the functions 4,(v,O), (O,p), and (vp) are plotted as dashed curves on figures

7.1, 7.4, and 7. 5. For an ideal knife edge, where the radius of curvature of the crest is

zero, p = 0, and (I. 30a) reduces to

2
,or v C 0 (v, 0) = 90 v + (v, 0) (ILL 30b)

for v 0 D (v. 0) = 4v fl) (III 30)
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The three components of the received field which are affected by reflection from the

earth's surface depend also upon effective ground reflection coefficients Re2 exp [-i(T - cz) I

and R exp -i(-c) defined in section 5, and upon ray path differences A and A
e3 3 2r ar

Zr 1 + r2 1 11 d 12 /dI
2

A =r + r r 2 2 d d I/d (1U. 31)
3r Z1 22 z 2 21 22 2 Z'.1

Usually, it may be assumed that c 2 = c3 = 0 so that the reflection coefficients are -Re 2

and -Re3.

hitroducing the propagation constant k 2 ,/X,, the attenuation relative to free space

is then

A -20 log .f exp(- 4 1 -R f2 exp ri($ + k 46

-Re 3 f3 
e xp -i( 3 + kA 3 ) + Re2 Re 3 I4 expri(( 4  kA 2 + kA 3 ) j db (III. 32)

where

___ ___ ___ ___ _-C. -S.+ cj °s
(I C S.) + (C. - S.) , tan j=

V v

o cos -- ) dt, Si ) dt. (Ili. 33)

Pearcey [ 1956 ], and the NBS AMS 55 Handbook of Mathematical Functions [1964 ) give

complete tables, series expansions, and asymptotic expressions for the Fresnel integrals

C. and S.. The magnitude f. f(v.) for v=v. may also be determined from figure 7.1

and the expression

log f(vj) - A(vj)/20 (I.. 34)

and wherc v is larger than 3.

S 2 )

0 .22508:,v., '. -' -V 1 + 2 Vj radians (ILL 35)

Figure 111. 10 is a noniogram which may be used in the determination o f(v.) and 4,(v.)

,or both positive and negative values of v. This n3mogram is based on the representation
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of Fresnel integrals by the Cornu spiral.

The general problem requires calculatn-g 0, dd, d, d;i , d12' U 2 1 , d

and 2 as shown in figure 111.9.

1. Calculate 0. and A. for j 1, 2, 3, 4, using (MH.29).
J I

2. Calculate v , C., 5., f., and 0 , using (111.27), (LI.33), and ti:ure 7.1.J .1 1 3 .1

3. Calculate A and A from (111.31).r 3r

4. Calculate R and R from (5.1), or asume that R -- R e 1.ci e e2 CI

5. Substitute these va)ucs in (M. 32).

To check the calculation of each v., the approximation given in (111.27) tna, bc used, xit,-

th: following formulas for a d 2 0 /d and o d 0 /d:jj oj I

1  d O/d ,0 O d /d
01 2 01 1

C1O2 a a01 + 2d 11l1 1d 2/(d Id) 02 3 01 +  
.1a i 4iI/d

a 0 3  a + 2-1 l O/d [03 '01 + 2d 2 2 "2 d1 /(d, d)
a0 3 a0 2 +00 2 3 1 2 l

a 04 : 'OZ + a03 - '01 i04 3 02 + )103 - 01 • (1.

Two special cases will be described 'or which (11.29) and (1I.31) may be simpliiied.

First, assumne that each reflecting surface may be considered i plane. Let h and ht tm

be the heights of the transmitting antenna and thc knife edge above the first plane, ::nd let

h and h be the heights of the knife edge and the receiving antennea above the second
rm r

reflecting plane. Assume that Ar is very small ior every A. in terms of the heights ht.

ht, , h , the parameters 0, d 1 , and d2 and the parameter d a d d /(2d):
tmn "r r- r r 1 2

a =Zhh /d ah /
Ar tm I A 3 r =Z hrhrm /d2

2
A l  d r 0 A2 d r(0 + h

tm AZr

A 3 = d ( + h r . r) 
" 
, A 4  = d (l + h + h r - ) ( .3 r rm r m 2r rn A3r)(i.7

The second spec a. case assumes a knife edge over an otherwise smooth eartn cf

effective raoiis i, with antenn ' heights h anti h smail compared tn the height *)f th
,  

kitie
t i.

edge. In :1-s case, h and h are heights above the smooth curved e,irth. The ancle oi
t r

elevation of the knife edge relative to the horizontal at lne antenna is 6, and relative tu thtn
ht

hori.crital at the other ar.tenr,a is C . Referring to (5. 12):
Lor

IL. 19



r+4h /3a) ht ' 3r l * 2 * . (In. 38)
A h + / + 0 h r e + 4h /(3a) + h

For thia special case, the formulas (1.29) for A. may be simplified by writing

6  = A 2 d l(Zh ). e 4 3 d /(Zh)" (111,39)
2r 2r I ht) O3r 3r r
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III. 4 Pararnters K and b for Smooth Earth Diffraction

in .-ection 8, the parameters K and b are shown on tigures 8.1 and 6.4 for

horizontally and vertically polarized waves for poor, average, and good ground, and for sea

wa'. t e r.

Assume a hoomogeneous ground in '-hich the relative diele-tric constant 4 and

conuctivity a of the ground are everywhrc c(nstant. K and b ° are defined as follows:

I or horizontal polarization,

_1 2 - 4
K b  1.7778x 10 "' C f' [(,-I) + x ) (III. 40a)

bh = 180 - tan - degrees (ILI. 40b)

! ol vertical polarization,

K v  - + x )  
K h (I U. 4l1a)

-l -1 ( -1,
2 tan X) - tan degrees (III. 4 1b)

,-. n nd n I, ground conductivity , in mhos per meter,and the radio freque;ncy

Il io cga, ycles per second, and has been deiined by (III. 7) as

x = 1.8 x 104 a/f

iii dfind -n section 8 as
0

Co : 849'1/a)'

v.erec a is the cfrective earth's radius in kilometers.
Wh,.n /f ".> /2) : 10

- 
, the parameters K and b* may be Writtc : us

K 1.325x 10*4 C f /6 b, l?,0 (ILI. 42)
h o

K 2.35 C q 1/2 -5/6 b OK 0 (11. 43)
, - v I, .- %rte.A

. , /- < < ') (c 10
-

, the paramet,:rs K and b* may b..\ wrtten as

Kv_ 1.7776 X 10-2 C f- (- - 2  b -'90 (111. 44)

K _ K. 90 (.l1. ,

I I I I I I I I3



h(r)- r 1 f(rl) , f(r )=Ci(r1)alnr1 + [iy/2 -Si(r1)] cos rl (111.50)

and

h(r,) = r2 f(r (r )=Ci(r 2 ) sinr 2 +[I /2 -Si(r 2 ) ] coo r

r r

Ci(r) -L- dt , Si(r) = t dt* (111.51)t 0

Values of the sine integral Si(r) and the cosine integral Ci(r) for arguments from

10 to 100 are tabulated in volume 32 of the U. S. NBS Applied Math Series (1954]. See

also [ NBS AMS 1964 ]. The function h(r) is shown graphically in figures I1.20 and I.21.

For the special case of equal effective antenna heights, hte = h re, equation (I.49)

is not applicable. In this case Ho(% = 0) is corrputed as:

H- 0(i.s 0) = l0 log z (LU 2)
0 r 2 [h(r)4 - rg(r)] -J

whe re

g(r) = Ci(r) coo r - [iT/2 - Si(r) ] sin r (111.53)

When the effective height of one antenna is -. ery much greater than that of the other,

the computation may be simplified as follows:

For r2 < < r 1 , Ho(1s 0) = 10 log 2 - (I1. 54a)

2  - hz

For r2 >>r i  H(% 0) 10 log r 2 1 (Il. 54b)
r1 (1 - h(rl)
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-* .THE FUNCTION F(Bd) FOR N5: 350
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THE FUNCTION F(Gd) FOR Ns=40O
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In. 6 Transmission Lors with Antenna Beams Elevated

or Directed Out of t'he Great Circle Plane

The methods of section 9 may be modified to calculate a reference value of long-term

median transmission loss when antcnna beams are cither elevated or directed away from the

great circle path between antennas. For many applications, the average transmission lose

between antennas with random relative orientation is about 10 db more than the basic trans-

mission loss, which assumes sero db antenna gains.

Figure IL.22 shows scattering subvolumes at intersections of arnterut main beams

and side lobes. A "scatter" theory assumes that the total power available at a receiver is

the awn of the powers available from many scattering subvolumes. For high gain antennas,

the intersection of main beams defines the only important scattering volume. In general, all

power contributions that are within 10 db of the largest one should be added.

For a total radiated power w :

-0.1 L -0.1 L.
wa wt 10 r w = 10 (L 55)

where L is the transmission loss and L is the loss associated with the ith power

contribution, w ai:

-0.1 L.

Lr -10 log (wa!w -10 log (1.56)

i

L= 30 logf - 20 log(d /ro) + F( eid) - Foi + Hoi + A - Gti- Gi + L g i  (111.57)L a gi i(Iu

In (M1.57) f, d, and A are defined as in (9.1) and the other terms are related toa

similar terms in (9.1). If the effective scattering angle 8. for the ith intersection is

equal to the minimum scattering angle 0, then F( eid ), Foil Hoi are equal to F(gd),

F , and He, and Gti + Uri - Lg i = G . Note that a term ZO log(r /d) has been added

in (I1.57) to provide for situations where the straight line distance r between antennae

is much greater than the sea-level arc distance d. Such differences occur in satellite com-

munication.

Scattering planes, defined by the directiona of incident and scattered energy.may or

may not coincide with the plane of the great circle path. Each "scattering plane" is

detirnined by the line between antenxa locations and the axis of the stronger of the two

intersecting beams, making an a.ugle with the great circle plane.
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When ray bending must be considered, the equations for ae and Pe are

b d L t  e c  
d set ' c I ". LI 6

+e =  a eo0 
+  

T d e N ) -2r(Bbt d ) (U. 61a)

Pe = PeO + T 0 br, 2 N) - br, , N) (IL61b)

where T(Ob , d, Ns) is the bending of a radio ray which tats off at an angle Gb above the

horizontal and travels d kilometers through an atmosphere characterized by a surface

refractivity N. The ray bending -r may be determined using methods and tables furnished5

by Bean and Thayer [1959 ]. For short distances, d, or large angles, 0b, -r is neglig-

ible. if 8b is less than 0.1 radians, the effective earth's radius approximation is adequate

for determining T,

T d sec~ a, d[I-a/( (111.62)
0

'1 I, ruference vatue of long-term median traismission loss L is cornputed using
5?

(111.56) where the losses associated with several scattering subvolumes are computed using

(111.57). The attenuation function F(d8 ) is read from figure 9.1 or figures 1U.11 - Ill. 14

as a fi-'ction of Oei.

The general'zed scattering efficiency term Foi is

Foi = 1.086(e /he) (2ho "h l - he -h L ) db (111.63)

where
2e e +p s = alp e h = s d8 1e (1+.N )  (II

e e e e =e e e e o ' se = ,s(he, NO)

and the other terms are defined in section 9. In computing the frequency gain function H.,

if a > a use rI = ., if Pe > 0o use r, = . then H -- H + 3 db. If both antennase o eo 20 o
are elevated above the horizon rays, H-. Z 6 db. Atmospheric absorption A is discussedoi a

in section 3. The gains Gti and G are the free space directive gains defined by (111.58),

and the loss in gain Lg i is computed at hown in section 9 replacing es , , 6, and 8

by Y e' ef 6e' and 8
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In computing long-term variability of transrnisrion loss ior beams elevated above the

horizon plane, the estimates of V and Y given in section 10 should be reduced by the

factor f(Oh) shown in figure LL24, with 8h = ab:

V(0.5, d) = V(O.5, d) fgah) (ILSa)

Y (q, d ) Y(q, de ) f(Oh) h( T.65b)

The angle eh used in (M.65) should be the elevation above the horizontal of the

scattering subvoluxne cerresponding to the minimum value of L..
4
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FREE SPACE ANTENNA PATTERN
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111.7 Long-Term Power Fadirg

Long-term power fading is discussed in section 10. Figures 10. 5 to 10. 16 show em-

pirical estimates of all-year variability for (1) continental temperate (2) maritime temperate

overland and (3) maritime temperate oversea climates. The curves shown on these figures

are based on a large amount of data. Estimates of variability in other climates are based on

what is known about meteorological conditions and their effects on radio propagation, but have

relatively few measurements to support them.
Figures IILZ5 to M.L29 show curves of variability relative to the long-term median,

prepared by the CCIR [ 1963 f I for the following climatic regions:

(4) Maritime Subtropical. Overland.

(5) Maritime Subtropical, Oversea.*

(6) Dosert.

(7) Equatorial.

(8) Continental Subtropical.

In some cases, random path differences have undoubtedly been attributed to climatic dif-

ferences. Available data were normalized to a frequency of 1000 MIlHz, and the curves

correspond to this frequency. They show all-year variability Y(q, d e 1000 MHz) about thee

long-term median as a function of the effective distance d defined by (10. 3). Variabilitye

estimates ior other frequencies are obtained by using the appropriate correction factor g(f)

shown in figure U1. 30:

Y(q) : Y(q, de, 1000 MHz) g(f). (U1L 66)

The empirical curves g(f) are not intended as an estimate of the dependence of long.

term variability on frequency, but represent an average of many effects that are frequency.

sensitive, as discussed in section 10.

Variability about the long-term median tcanarnission loss L(O. 5) is related to the

long-term reference median L by means of the function V(O. 5, d ) shown on figure 10. 1.
cr

The predicted long-term median transmission loss is then:

L(O. 5) = Lcr - V(O. 5, d ) (IL. 67)

and the predicted value for any percentage of time is

L(qj a L(o. 5) - Y(q). (IL 6b)

Curves for climate 5 have bee. deleted. They were based on. a very emal amount of

data. For hot, moist tropical areas use climate 4, and ior coastal areas whee prevailg

winds are from the ocean, use climate 3.
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EfL 7. 1 Diurnal and Seasonal Variability in a Continental Temperate Climate

The curves shown in figures 10.5 to 10.16 and 111.25 to .U1.29 represent variability

about the long-term median for all hours of the day throughout the entire year. For certain

applications, it is important to know something about the diurnal and seasonal changes tnat

may be expected. Such changes have been studied in the continental United States, where a

large amount of data is available. Measurement programs recorded VHF and UHF trans-

mission loss over particular paths for at least a year to determine seasonal variations. Data

were recorded over a number of paths for longer periods of time to study year-to-year

variability.

As a general rule, transmisoion loss is less during the warm summer months than in

winter, and diurnal trends are usually most pronounced in summer, with maximum trans-

rnission loss occurring in the afternoon. The diurnal range in signal level may be about

10 db for paths that extend just beyond the radio horizon, but is much less for very short or

very long paths. Variation with season usually shows maximum losses in mid-winter,

especially on winter afternoons, and high fields in summer, particularly during morning

hours. Transmission loss is often much more variable over a particular path in summer

thanit is during the winter, especially when ducts and elevated layers are relatively common.

The data were divided into eight "time blocks" defined in table U!. 1. The data vere

assumed to be statistically homogeneous within each of the time blocks. With more and

shorter time blocks, diurnal and seasonal trends would be more precisely defined, except

that no data would be available in some of the time blocks over many propag ation paths. Even

with the division of the year into winter and summer and the day into four periods as in table

111.1, it is difficult to find sufficient data to describe the statistical characteristics expected

of transmission loss in Time Blucks 7 and 8.

Table 111. 1

Time Blocks

No. Months Hours

I Nov. - Apr. 0600 - 1300
Z Nov. - Apr. 1300 - 1800
3 Nov. - Apr. 1800 - Z400
4 May - Oct. 0600 - 1300
5 May - Oct. 1300 - 1800
6 May - Oct. 1800 - 2400
7 May - Oct. 0000 - 0600
8 Nov. - Apr. 0000 - 0600

n some applications, it is convenient to (ormblin certain time biuckL into gruups, fur

instance, some characteristics of long-Lcrm variability are significantly different for the

winter group (Time Blocks 1, 2, 3, 8) than for thu surncr zroup (Time Blocks 4, 5, 6, 7).
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In other climatic regions. if the annual range of monthly average vilues of N is5
less than 20 N units (figure I. 31), seasonal variations are expected to be hegligible. One

would also expect lees diurnal change, for example, in a maritime temperate climate where

changes in temperature during the day are loes extreme. In climates where N changes con-U

siderably throughout the year, the consecutive 4-6 month period when N is lowest may bee

assumed to correspond to "winter", whatever months may be involved.

For the U.S. only, the parameter V(0. .d e) for each of the eight time blocks and for

"summer" and "winter" is shown in figure 111. 32. Curves of the variability Y(q, d , 100 MHz)
e

about the long-term median for each of these times of day and seasons are shown in figures

111.33 to 11.42. These curves are drawn for a frequency of 100 MHz. Figures I.. 33 and

Ill. 34 show the range 0.01 to 0.99 of Y(q. d, 100 MHz) for the winter tirne blocks, 1,2, 3,

8 and the-summer time blocks 4, 5, 6, 7. Each group of data was analysed separately. Some of

the differences shown between time blocks 1, 2, 3, and 8 are probably not statistically signifi-

cant. Marked difierences from one time block to another are observed during the summer

rr,-nths|.

Figures IL. 35 through 111.42 show data coded in the following frequency groups, 88-

108 108-250 and 400 to 1050 MHz as well as curves for Y(q) drawn for 100 MHz . In gen-

eral these figures show more variability in the two higher frequency groups especially during

"aurnmer" (tirue blocks 4, 5, 6 and 7). Becauso of the relatively small amount of data no at-

tempt was made to derive a frequency factor g(q, f) for individual time blocks.

The curves for summer, winter, and all hours shown in figures 10. 13 through 10.22

represent a much larger data sample, since time block information was not available for

some paths for which summer or winter distributions were available.

The smooth curves of V(0. S. d e) and Y(q, d e 100 MHz) versus d shown in fig-

ure 10. 13, 10. 14. 11. 25 to l. 29 and 111. 32 to 111.42 may be represented by an analytic func-

tlon of the general form:

1 d f2 (de); ep( C3 d ) +f 2(d e (1.11.69

-Y(0.9)I

where
n2

fZ(de) fo + (f rn f) exp(-c 2 d ) (U1.70)

The terms cl, c 2, c 3 , n i , n2 , n3 , f., and f in (1II. 69) and (II. 70) are constants

for any given ti..ie block and value of q. The parameters f and f are maximum and

asymptotic values, respectively. Tables 111. 2 to IX. 4 list values of the eight parameters re-

quired in (111.69) to obtain V(0. 5, de) , Y(0. 1, d e, 100 MHz) anid -Y(0. 9. de , 100 MHz) for the

eight time blocks in table 111, 1, and for summer, winter, and all hours. The constants giver.
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in Tables LLI. Z to I.4 for summer, winter tnd all hours were determnhned using only radio

paths for which time block information is .',ailuble. They do not yield the curves shown in

figures 10.13 and 10.14 of section 10, which represent a much larger data sample.

Tables Lii. 5 to LIU. 7 list values of the eight parameters in (LI. 69) required to compute

V(0. 5), Y(0. 1, d , f MHz) and Y(0.9, d e , f MHz) for each of the climatic regions dtacussed in

section 10, Volume 1, and section 111. 7 of this annex.
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m. 7. Z To Mix Distributions

When a prediction is required for a period of time not shown on the figures or lietod

in the tables, it may sometimes be obtained by mixing the known distributions. For example,

the distributions for time blocks 5 and 6 would be mixed if one wished to predict a cumulative

distribution uf transmission loss for summer afternoon and evening hours. In mixing dis-

tributions, it is important to average fractions of time rather than levels of transmission loss.

Distributions ot data for time blocks may also be mixed to provide aistrioutions for otner

periods of time. For example, data distributions for time blocks 1, Z, 3, and 6 were

mixed to provide distributions of data for "winter". When averages are proper ly weighted,

such mixed distributions are practically identical to direct cumulative distributions of the

total amount of data available for the longer period.

The cumulative distribution of N observed hourly median values is obtained as

follows: (1) the values are arranged in order from smallest to largest, L I , L 2 1 L 3 , --- ,

L. -n', L , (2) the fraction q of hourly median values less than Ln is computed:

n N
q (n) = - -Z-;

(3) a plot of L. versus q(n) for values of q from 1I(ZN) to I - Il'(ZN) is the

observed cumulative distribution.

To mix two distributions, the following procedure is used: (1) choose ten to fifteen

levels of transmission lose L, , Ln, covering the entire range of L(q) for both dis-

tributions, (2) at each of these levels, read the value q for each distribution and average

these values, (3) plot each selected level of transmission loes at the corresponding average

fraction ot time to obtain the "mixed" distribution. Itr this way, any number of distributions

may be combined, if each of them represents the same number of hours. If the number of

hours is not the same, a weighted average value q should be computed, using as weights the

number of hours represented by each distribution.
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The curves for climate 5, Maritime Subtropical Oversea, have been deletes. These

were based on a very small amount of datu. Data obtained since the preparation of these

- curves indicate that the following give good estimates:

Climate 4, Maritime Subtropical Overland, for hot moist tropical areas or climate

3, Maritime Temperate Oversea, for coastal areas where the prevailing winds are from

'he ocean.

I.- 56



if I 

I

I I -r

__ 

__ 
I

I -
___ 

- - - -

T1I I
I I 

I_ 
_ 

8

I I 
- - .- 

_______ 
________ 

_______

--1-----
I 

I I

~ 
_ 

I _

4 

LAJ

~~4_ I___ 

LUI 
-J

1- ___

________

0
U) 

I I

w 

$ 
8

I--- 
-

I 
z

-1*-- 
-

I 

I 
*0

4 

-

I I w e
z

I _________________________________________________

I 

_

o 
I 

__ 

~ 2

-~------4- 
-a. 

La.

0 I -
- I ' -~--~*-----K---r 0

La.

__ 
I

4 0~_
U,

-~ ~ -
9 4 T -8

-- ii 

---- 
---- 

-

_______

-4 
___

I -~ 
--

-- 

0 o 
I

8
I I

I 
I--1-- -

_ 
I

________________________

~~K4-~ 4 -

~.-~---i
0 

U-- 

___

___ 

___I
-, 

I I .7

Si3~I~)3~ NI ('H~i OOOI'p'b)X

En -57

---- - - ____ - - -=---4----4.-~--~vv -- -- ________



II.-
I I V

I ODOF _Y

S1113 I ZW0 'Op k

- 5-6 .,---- ~ --------- ------



I v.1r
I I

~1~~~~ I-I
I I

- -- - ~

I ________ ________

ii I
___ :..........~ i-.-+ - - I _____ I _____

_ ___ - ---- - 1 ______ ______ ______I I I I I
I I I __

-- 4 - ---. - -~

I .

-J I I4 I I I I
-'--~-- - - l----~--t---- (j,

- I i I I
0. I I I W0 I Ii __

.1

II- . eD

I I I II I I I I I -J

7T7 - - ~

z
Li . I . Li.J
z . I, ___ I ___ (**) -
_ _ * -r- I T 5
I- I I I i 4 -z I I
0 ____ - I - - -A---1 ----- I__

(~) 0 I 1
- * QI I w

I 0
______ I ______

tj.I - _________ _________ -- 1 U

- -7. f~.
U

I 0 0
I. ----

I I I I I

I I I I

-. 9 -I I _ __

[----S
~ ~-----.l.------f - _____ I ______ I _____ ______ _____

S S i_ I ~-~- [~i I
S~39I~3O NI (ZNW 0001' p'b)A

m-59



I --- -i T--- I.

.. V-

4 IT'

1:7

oo

r 0

4-

I-

4',-

at6



w 'lIj IN _ -

-I

14

z0

M -61



r~-

w8 cI

z04 11

wl 0 -- --0-- (
0- 0 0I0

T--

100

>I C2 ri oD

0w 4* do 40 -W ow

JL-



~-- - -F- T- T----t Ji _!I i l i ! i i

___ I i !-I! :i I I i- -t--t--. ---- :--
| , - - 4 4- , -'. I i' I i i i

'+ i"

Cr

9AI : r- I, ' I -II

0- X:-- 0

! ! 1 , 1 I,1 i ,,

8 0

I I I g i 1rt1 1 4  1 ' -- t

_ It

.- II'I I, ,lt ' I , I
i :1 0 I I rn ;1 i : I , '

S13-8----3 2 - -w
-

Pb

I 1-I I I 63
- : •.I _ w

1 , I' 1 - i _'I___ : ! I

" --i- -" j--j---" ------- - i I I i~ . ''

/ I T ----- s I I
I . ; , I , i

IG) ' I I ' I : II 1

] -  - ; i-] - "-~ "'-- ', [ -- " -

> -1 -- ,- i - - - - ]- -ji-

i i I i//;-i38Ii 3 NI ,--p\b\)A

L '_ rJU L i J.. ] ! b i 1 I-I3



, _, -,- -T

_ _ J -i' --

. _ - -- _ -t.=
, - r --- -

>. 0~~ ~ 0 - -€- -

o"- 
- -

I i Ir T

=~ ~~ 0 _o

Im

.+I1I j0N1.(p4 .)

z O-D- IclI

P1. X

-AT

~ .4

-~~~~~~~ -- 64 1 1 1 I - ,' > *



TF i

4~~ t 0t

0 -KTz t aED t- - *-4

o

LJ

uA 1 0

o ~i~i

I 
A

-. 0

S13ID30 NI NVIQ3Pi mi-oN 314± ifloov AimeItm~V

1-66



-- T1

-- - -- 4--j --L -

N 
I

0 I-
wLJ~ i' III '

0

IA. U.J- t ,z

I Z

-; + 1s z~
4 4 j I

1 i

-I - I- -

Z10111 N KIO Pbg- NO) HJIIOI A:13I I

LO -6



* -- 7

Ni w ILE-.-1+

I Lj li

40>

-L. ti I l I I I

I MII

tr A 6 m tl

T - Li.

S139133 NJ tVIOP t43-9Y- 3K 1nQVAIIS
11M-68



4--

I ilo"i- 14 o}~CID >7-
0 ac- 1 ~
0
z

ow

Ii I

UJI-

oo I

t0 Ii I .LU

IJIM

S'39D3 N NW03 Il3-D~ 3 I iov 119

690



CO C!C C

co zzrzz~:~~1

z A -- i- -it

at

U-I I LXit- 1 11 A I
oo -I----- -- ---

oV ~ 2t

-*-4- t~1 t
CI Z N

xz _ i. ~ 4%b

vrT~~ @A-1 ---

S1913 NI J V~ W3-I 3H IoyA moiW

- - - 70 1



-4 -

:3 OD d

x Z

01 'F1IrI
a: -- 9 4 --- - -;

4 Ir

0 a a -e 'o 0.

-04 0. 4

4D4

S- 3BD0N IO YVt iO0 H ng llgiV

q~ -I ~ -~-- - >++.}71



att

04 u

8i I -

on-~I

cc 0x k.I
Lu U A - ' -- - -

1'1

tliS1930N Y0v iOO LLog -'-11-7-i--

tI -



III. 8 List of Special Symbols Used in Annex W11

A(v ) Attenuation relative to free space for each of several rays an a function of the

parameter Y,, where J = 1, 2, 3, 4, (MI. 34).

b The parameter b, a function of ground constants, carrier frequency, and polari-

zation, expressed in degrees, figure 8. 2, and equations (W1.40) and (II. 41).

b h  The parameter b for horizontal polarization defined by (M. 40).

b The paramete, b for vertical polarization, (111.41).
V

c A parameter showing the phase change associated with the complex plane wave

reflection coefficient R exp f -i(T -c)] corresponding to reflection from an in-

finite smooth plan, surface, (5.4) figures LI. 1 through I.8.

C h' cv  Values of c for horizontal and vertical polarization, respectively, (M1. 13) and

(ILl. 14) figures i1. I through 111. 8.

C Fresnel integral, (II. 33), where j = 1, 2, 3, 4.

Ci(r), Ci(rI), Cl(rZ) Cosine integral as a function of r , (111. 51), r1 and r2 (I. 50).

d Distance used in calculating ground reflections in knife edge diffraction; d is
r r

defined by (I.. 29).

d 1' d 1 ,, d 2-l d Distances used in computing diffraction attenuation with ground reflec-

tion, (1L.31) figure 11.9.

f Diffraction loss for each of several distinct rays over &n isolated obstacle,

where j z 1, 2, 3, 4, (III.32411I.35).

fIf f3' f 4 Diffraction loss for each of four distinct rays over an isolated obstacle, (III. 32).

f(il) f(r ) Functions of the normalized antenna heights r I and r 2 , (111. 50).

f(v.) A function identically equal to f for v = vJ, (M. 33) figure 11. 10.

f(0 ) A factor used to reduce estimates of variability for antenna beams elevated

above the horizon plane, (M. 65) figure 111. 22. See 6 h and (b '

Foi Scattering efficiency correction term for the i t h lobe of an antenna pattern,

(II. 63).

F(0 id) This function is the same as F(d) with the effective angular distance 0 sub-

stituted for the angular distance, 6, annex III, (111. 57).

gb' gbt A high gain antenna radiates gb watts per unit area in every direction not ac-

counted for by the main beam or by one of the side lobes of an antenna. The

gain gb for a transmitting antenna is gbt' section 1U.6.

g(f) A frequency correction factor shown in figure 111. 30, (111. 66).
G b, G bt Decibel equivalent of gb Gb = 10 log gbV and of gbt' annex Iii section 111.6.

G r, Gt GaLrs of the Ith lobe of receiving and transmitting antennas, respectively,

(11.57).

h A height, using elevated beams, that is equivalent to h for horizon rays,
e 0

(IU. 63).

h r h Height of a knife edge above a reflecting plane on the receiver or transmitterr tn tnm

side of the knife edge, (111. 37).
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to.) A function of r shown in figures I. 20 and 111. 21.

h( ), h(r 2) A function of r or r 2 defined by (IIl. 50) and shown on figures II. 20 and

11121.

Io The frequency gain function for the i beam intersection in a scattering plane
01

(111. 57).

Represents a series of subscripts 1, 2, 3, 4, as used in equations (I1. 27) to

(111. 3S).

K h  The diffraction parameter K for horizontal polarization, section I.. 4.

Y VThe diffraction parameter K for vertical polarization, section 111.4.

L i  Loss in antenna gain for the i
th 

scattering subvolune, (111. 57).

L Transmission loss associated with the ith power contribution, (111. 55) and

(LU. 57).

L . . . L.. .. LN A series of hourly median values of transmission loss arranged in

order from the smallest to the largest value, section 111. 7.

L(q) Transmission loss exceeded a fraction q of the time, (III. 68).

in. , ny Parameters used in computing the magnitudes R and R of the smooth

plane earth reflection coefficient R. (111. 10).

mho. A unit of conductance, the reciprocal of resistance which is measured in ohms,

figurvs 1. 1 to 111.8.

A function of the dielectric constant and grazing angle used in computing the

plane wave reflection coefficient, (LLI.8).

A parameter used in calculating a plane wave reflection coefficient, (ILl. 7) to

(Il. 14).

rl' rl2' r,, r 2 2  Distances to and from the bounce point of reflected rays, (111.28) fig-

ure 111. 9.

R h  Plane earth reflection coefficient R for horizontal polarization, (111. 12) and

figures 1. I to 111.8.

R Plane earth reflection coefficient R for vertical polarization, (111. 12) figures
V

111. 1 to LI. 8.

s Path asymmetry factor for beams elev&ted above the horizon, a = a e e(" Ce• e

(ILI. 64).

Si(r) Sine integral as a function of r , (J1. 51).

S. Fresnel integral, (111. 33).J
The parameter v for each of j paths over an isolated obstacle, (LU. 27).

L Contribution to the total available power from the ith scattering subvolurne,

(III. 55) and (IV. 11).

Na, b Points at which a first Fresnel ellipse cuts the great circle plane, U.L. 18 to

ILl. 23.

a , e The angles between the "bottoms" of transmitting or receiving antenna beams
o e
or side lobes and a line Joining the antennas, (1.11. 61).
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aei' Pei Angles a e and Ae for the i t h lobe of an antenna pattern.

a Aeo When beams are elevated sufficiently that there is no bending of the ray due to

atmospheric refraction ae = a eo, Pe = Peo' (I1. 60); when ray bending must be

considered a and Pe are computed using (111. 61).e e

aoj' IoJ The angles &o, PO made by each of j rays, over an isolated obstacle, (I1. 36).

a 0' a ,o 0' 0o 0 The angles a and P0 for each of four rays over an isolated obstacle,

(ILI. 36).

6 A parameter used in computing the first Fresnel zone in a reflecting plane,

(L1. 18).

6 The effective half-power semi-beamwidth of an antenna, section ILI. 6.

6 The effective hall-power semi-beamwidth of an antenna that is elevated or di-
e

rected out of the great circle plane, section 11.6.

6 The semi-beamwidth of an equivalent beam pattern with a square cross-section0

a * 6"%;7, section 111.6.
0

6 rwo 6 Azimuthal equivalent semi-beamwidths with square cross-section, (1L1. 58)

figure 111. 23.

6 , 6 Vertical angle equivalent semi-beamwidths with square cross-section, (111. 58)rzo tao

figure 1I. 23.

6 Azimuth.,) ,qulvalent semi-beamwidth with square cross-section, section III. 6.
w o

6 vertical angle equivalent semi-beamwidth, section Ill. 6.zo t

Aj iThe jth value of Ar, where Ar = r I + r 2 - r0 (L..Z7) and (111. 29).

Ai A2' A3' A4 Ray path differences between a direct ray and a ray path over a single iso-

lated obstacle with ground reflections, (1.1. 28) figure (.11. 9).

Ar' 4 2r' A 3r' A4r Ray path difference between straight and ground reflected rays on

either side of an isolated obstacle, (111.31), (I1. 37).

Ratio o' the dielectric constant of the earth's surface to the dielectric constant

of air, figures 8.1 and 8. 2, annex 111. 4.

4rl' 4t Angle between the axis of the main beam and the axis of the first side lobe of

an antenna pattern, figure L. 22 .

twl' ( tw2 Azimuth angles of the first and second lobes of a transmitting antenna relative

to the main beam axis, figure 11. 23.

4tzI ttz2 Elevation angles of the first and second lobes of a transmitting antenna relative

to the main beam axis, figure I1. 23.

The angle that a scattering plane makes with the great circle plane, (111. 60),

(I1. 61), and figure IL. 2Z.

Ise A function of he and N used in computing Foi and Hoi for scattering from

antenna beams directed above the horizon or away from the great circle plane,

(11. 64).

0 b  Angle of elevation of the lower half power point of an antenna beam above the

hori ontal, (11.62). See (h  and f(Oh).
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0 ir' 8bt Value# of 0 b for the receiving and transmitting antennas, respectively, (U. 61).

0 bri, 6bti Values of eb for the i t h beam intersection, (111, 59).

... The angle between radio rays elevated above the horizon and/or away from the

great circle plane, (II. 64). thm
0 ei The angle 0e at the It h intersection of radio rays elevated above the horizon

and/or away from the great circle plane, (11t. 57).
th

e , 6 .... e The angle 0e for the first, second, ... n intersection of radio rays,ci Ca eni e

figure 1. Z-.

0 hr' 0ht Angle of elevation of a knife edge relative to the horizontal at the receiving or

transmitting antenna, (IU. 38).

0. Angle between direct and/or reflected ray over a knife-edge, where j = 1, 2, 3, 4

as shown in figure 111. 9.

0. Angles defined in (LU. 29), where j = 1, 2, 3, 4, which are added to e to determine

Se + e.

a1 r' er 6 3r* 04r Values of 8jr for j = 1, Z, 3,4,(III. Z9).

o i l . 23 e 3 , 4 The angle between rays from the transmitting and receiving antennas over an

isolated obstacle with ground reflections, figure I. 9.

aSurface conductivity in nihos per meter, figures 8. 1 and 8.2, section 1T.4.

T The amount a radio ray bends in the atmosphere, (I1. 62).

-b (eWd, N ) Bending of a radio ray that takes off at an initial angle 0b and travels d

kilometers through an atmosphere characterized by a surface refractivity N

(111.61).

4)(v. 0) Component of phase lag due to diffraction over an idealized knife edge, (7. 13)

figure 7. 1, and (LI. 30).

4b (vp) Component. Cf phase lag due to diffraction over an isolated perfectly-conducting

rounded obstacle, (7. 13) figure 7. 5 and (I. 30).

C'(0, p) The componeat of the phase lag of the diffracted field over an isolated perfectly-

conducting rounded obstacle for v = 0, (7. 13) figure 7.4 and (Il. 30).

0 The phase lag of the diffracted field for the jth ray over an isolated perfectly-

conducting rounded obstacle (Ia. 30a), 'where j = 1, 2. 3, 4 .

' (v, p) The phase lag of the diffracted ray over an isolated rounded obstacle for the jth

r a y , 0 ( v , p ) a 0 i, ( I . 3 0 ) .

0.(v, 0) The phase lag over an ideal knife edge for the j ray, (111. 30).

0i1 1 Oz, 3D 4  The phase lag 0'(vp) for values of J = 1,2,3,4, (LU. 32).

The angle between the plane of the lower half-power point of an antenna beam

and the receiver or transmitter horizon plane, (111. 60).

ri' 40ti The angle 4#r or t for the i t h lobe of an antenna pattern, (I1. 59).

%Pl, 2 Angle of reflection at the ground of a reflected ray that passes over a knife-

edge, (I. 36) figure 111.9.
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The half-power beanwidth, 91 = Z6, (9. 10) and figure IU. Z .

"ro 'r, Wto, IItl Half-power beamwidthg corresponding to 260, 261 for the receiving and

tranmrnitting antenna patterni, respectively, figure ilI. 22.
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Annex IV

FORWARD SCATTER

IV. 1 General Discussion

This annex discusses some of the similarities and differences between forward scatter

from refractive index turbulence and forward scatter or incoherent reflections from tropo-

spheric layers.

To scatter is to 2pread at random over a surface or through a space or substance.

Scattering which tends to be coherent is more properly called forward scatter, reflection.

refraction, focusing, diffraction, or all of these, depending on the circumstances. Modes of

scattering as well as mechanisms of propagation bear these names. For example, we may

speak of the reflection, refraction, diffraction, focusing, scattering, and absorption of a radio

wave by a single spherical hailstone, and all of these modes can be identified in the formal

solutions oi Maxwell's equations for this problem.

The large volume of beyond-the-horizon radio transmission loss data available in the

frequency range 40 to 4000 MHz and corresponding to scattering angles between one and three

degrees indicates that the ratio 10 -A /10 corresponding to the transmission loss, A, rela-

tive to free space is approximately proportional to the wavelength, ., or inversely propor.

tional to the radio frequency, f, [Norton, 1960), so that the ratio 10-Lb/10 corresponding

to theforward scatter basic transmission lose is approximately proportional to X 3 or to f-3.

This circumstance is more readily explained in terms f forward scatter from layers [Friis,

Crawford, and Hogg, 1957) or in terms of glancing or glinting irom brilliant points on ran-

domly disposed 'feuillets', [duCastel, Misme, Spizzichino, and Voge, 19621, than in terms

of forward scatter from the type of turbulence characterized by the modern Obukhov-

Kolmogorov theory [Obukhov, 1941, 1953; Batchelor, 1947, 1953]. There is recent evidence

[Norton and Barrows. 1964] that the wavenumber spectrum of refractivity turbulence in a

vertical direction has the same form as the more adequately studied spectrum of variations

in space in a horizontal direction. Some mechanism other than scatter from refractivity

turbulence must be dominant most of the time to explain the observes transm-ission loss

values over a majority of the transhorizon tropospheric paths for which data are available.

Scattering from refractivity turbulence and scattering from sharp gradients are mechanisms

which coexist at all time5 in any large scattering volume. Sharp gradients always exist some-

where, and the atmosphere between them is always somewhat turbulent. Power scattered

by these mechanisms is occasionally supplemented by diffraction, specular rcflc tion from

strong extended layers, and/or ducting.

A tropospheric duct exists, either ground-based or elevated, if a substantial amount

of energy is focused toward or defocused away from a receiver as super-refractive gradients

of N exceed a critical value called a "ducting gradient." This gradient is about -157 N-units

per kilometer at sea level for horizontally launched radio waves. The duct thickness must
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horizontal gradients commonly observed. The forward scatter theory used to develup the

p:rediction methods of section 9 assumes that only vertical scales of turbulence or layer

thicknesses are important. The radio wave scattered forward by all the scattering sub-

volumes visible to both antennas or by all the layers ot feuillets visiblc to both antennas is

most affected by a particular range ol "eddy sizes", I , or by layers of an average thick-

ness I/I .. A stack of eddies of size I must satisfy the Bragg condition that reradiation by

adjacent eddies shall add in phase. Reflections from the exterior and interior boundaries

of a layer will add in phase if the ray traversing the interior of the layer is an odd number

of wavelengths longer than the ray reflected from the exterior boundary. Either the mech-

anism of forward scatter from refractivity turbulence or the mechanism of reflection from

layers orfeuillets selects a wavenumber direction ; that satisfies the specular reflection

condition corresponding to Snell's law that angles of incidence and reflection, Y , are equal.

Mathe.natically, these conditions are represented by the following reiations:

0 +i
2-- s in(01Z) e-  ' ( iv.l)

A + AL(v.1

whczu _ 0 and I are unit vectors from the centers of radiation of th transmitting and re-
0

Seiving antenna, respectively, towards an elementary scattering volume, or towards the

ioint Ot veometriral reflection from a layer. The angle between R and I is the scat-
0

tering angle 8 illustrated in figure IV-l and is thus twice the grazing angle kP for reflec-

tion from a layer:

-l
e = 2z= cos (-R ) radians (IV. 2)

0

The plane wave Fresnel reflection coefficient q for an infinitely extended plane

boindary between homogeneous media with refractive indices n I and n and for horizon-

tai polarizotion [ Wait, 1962] is

s i 
2 ( - n,) + (ni - nz)Z + sn n 2

qo = J (IV. 3)

sin4'+ 2(r- - n 2 )+(n 1 .n 2 )- +sin 2 , ]
2 2)

The follo 'ing approximation, valid for (n I - n ) < ain 2k<< I is also good for vertical

polar izotior:

n-fqo (2 r1 e5

SL J 2 Z  02
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A diiferontial arnplituoc ief'ectior coefficient dq for a trop-sphvric layer is ruvNt

Oufined as proportiorizi to the diffe'-ence betwecen two gradients of rt'f.-active indc., r.i ant!

-r m where rn Is the average refractive index~ Prdi dtidz across tnv 1. ' vr. ard

is the average refractive indeu gradient for the region int which the layer is er.-Ibied..t. Let

the layer extend in depth from z 0 to z =z 0in the wavenuinber direction Kdefined by

(NV. 1), and write~ the differential reflection coefficient as

dq =dz (m - mn )/24 (IV. 5)

A pF.&:or exp z (4rri IX)] is associated wijth dq , and the power reflection cocfficienL

q for a tr.~pospher ic iayer of thickness z is approximated as

Z 0 ri ex iz4n.X 42 ,2 -
(4n M (11.. 6a)

Z 4_

M =(n -r M [1i- coa(47,)z U/%)]/(4- )4 (IV.b6b)

i M ts assu:r.cd1 curitiouoa-_s at z 'u and z , somewhat em ahier values of q and mn

w,!l reoult [Wait, 19623

Friia, Crawtord, and H-gg r1957] point out that the power received by reflection

fian a firnite la-.-e r can be appro.<irra ted aa the ditfracted power through an absorbing scrccn,

-tim thc. dir-rern:ons cf the layer projection normal to the direction of propagation. Th c

inin consider lavers of I arge, smnall, and rnediurn size c onpared to

Zx =2(% R R /d) ,d S. + R (IV. 7)

wt, i;,to wicitl of a 'Lirat Er v nel zonec. Lct b rcprt- sent the dirnentsins or j lay, r cr

'k t10..1 in arty direction pem pendicular to K Sir-ce: K is usually noalN %,rtical, b i~

tistall,, I hut izonAo dimension. AdoJrpturg a rvotettion wAhich conform-rs to that used tIG lselr--?

Int ts -, t ht. available pnwe(r w, at a rceiver at a dirtance d frot a trans rr1.1.tn-'

i-I t.t .l aIctattng w atts is

% qZ [ .2 2

ile1ruls 'f I 3ntfl 1tt~pd} gi. cr ov JlIL 3), -,-ere

u bjr. v -b 'v T'x V



and gt and gr are antenna directive gains. For large u and v,

C Z(u) = S (u) = C (v)= S (v) = ,

2 Z 2 Z 2 Zandfor smafl u and v, C (u) = u , CG(v) v and S (u)=S (v)=O.

For large layers, where b > > Z x

wa = wtg tgr d M (IV. 10a)

For intermediate layers, where b S- Z x :

w = -t gt gr 3 4 (RR d) 1ib 2 M. (IV, 10U)

For small layers, where b < < Zx :

w a= wtgtg r  b M.(RR 0 b (IV. 10C)

Forward scalter from layers depends or the statistics of sharp refractive index

gradients in the directions , defined by (IV. 1). The determination of these statistics from.

radio and meteor 3ical measurements Is only gradually becoming practical. A study of

likely statistical averages of the meteorological parameters M, b M. and b 4 M indicates

that these expected values should depend only slightly on the wavelength X and the grazing

angle i#, as was assumed by Friis, et al.[ 1957]. The expected value of

[0 - cos (4W'z / X)j

can vary only between 0 and Z and is not likely to be either 0 or 2 for any reasonable

assumlptions about the statistics of z

Available long-term median radio transmission loss data usuall show the frequency

lax giv,:n ry (IV, l0b) for medium-size layers. Long-term cumulative distributions of short-

term available pcwer ratios on spaced frequencies rarely show a wavelength law outside the

razigtf iruir %
2 

to % 4 [Crawfoid, Hogg, aud i}urmer, i95, Norwon 1960]. An un-

reported analysis of 8978 hours of matched simultaneous recordings at 159. 5, 599, and

ZIZO MHz over a 310-km path in Japan shows that this wavelength exponent for transmission

loes w aw i within the range from ? to 4 ninetv-cight percent of the time. This cor-

responds to a '",tvelength exponent range from 0 to 2 or a frequency ex:)onent range from

o to -Z for attenuation relative to Ires s.A)ce values, and to corresponding ranges X to )
4

or 2 to f-4 for v),lues ot bas'( transmission loss, Lb '
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Ej~zur ,S IV. I(a) a nd IV . 1( 1) ill Iustr ate k, to d sc:at torinig .-r un a sitiI v smil I ;

'Ink: irow izractivit% turbulcn. e ill Single 8111.1i scattei ng ouhl)oict L11 the VOIlume V Ol

spa1ce %'lsibl, to two antennias. Figures IV, 1 (0 and IV. 1(d) illustrat e nioleis for the- iii iont

(-L 1)ow(-r , ontributions fromi large parallel layer s, and fromt scatttering Or rcil-tion si
t
[)-

volumes, respectively, Contributions from diffraction or ducting are ignored, as well as

returns fromn %kll-developed layers for which a geometrical reflection point is not visible to

both antennas. Combinations of these mechanisms, though sometimes important, are alsoc

not considered here.

For each of the cases shown in figure IV. 1, cohcrently scattered or reflected power

w atfrom) the neighborhood of a point Ris convenicently associated with a scattering uub-

volumic cd R 0dv v v.(R .i), so that the total avaoilable forward scattured power zt a receiver

in

N N
v V

w W =~ 1C= d 3 R wR )wat (IV.l11)
a at 4- V i'i - R0 wvj 0 wat

jl i=l V

Wvi = ai V = WvF o F (IV. IZ)

is the available power per unit scattering volumec for the i hscattering subvolume, feuillet,

or layer, and it is assumed that only N. such contributions to) w are important.

Each of the power contributions w atin governed by the bistatic radar equatiun. Omit-

ting the subscript i, this equation may be written as

a 4tr R 2 4TrR 2" /T
0

'..hiere a 9c is the effective scatterin~g cross-section of a single scatterer or group CA

ocattc-rc is, including the polar ization efficiency c pof the power transfer froi-i transmitter

to receiver. The first set of parentheses in (IV. 13) represents the field strength in %katt.s

perui ;r kilomnetcr at the point t . the second factor enclosed in parentheses show-.s what

fract[ion ul this fiuld strength is availaule at the rucciver, and gr /(11 is the absorhing

arva of Ithe receiving antenna,

The Lkey to anl understa ticing of scattering from) spacecraft, airL raft, .i L. , snow,

r'fractivity turbui(.nce!, ,r inlhonorteneitiea such as laverks or feujllets if; t!-: st-tte ri[c ross-

..... C , (-fined ;(P.'. 13) or thec corr, 9[)orldirig scattering rr'ss-s,- tie.

oln.a de-fined fromn (WV. 12) andi (IV. 13) asf



flv (4w) (R 0R)a w /(%igtg r X) per kmn (IV.l14)

111j queititv is uisually em tiniated by ibuolu Iil ah 81S tal IVO' IIIt*it Ko ;tei iiIn

swc at lar gc %vector distatices Rand rl , iceSptcctiv( Iy, front thie traiits mit Ur and ci -iver.J

If both itenntae are at the sanie place. (IV. 13) beconmes the monostatle radar equation, cor-

rusponding to backscatter instead of to forward scatter.

The scattering cros s-sections per unit volume for large, medium, and small layers,

assuming a density of N1 layers per unit volume, may be obtained by substituting (IV. 10a) to

(IV. - 1c) in (IV'. 14):

For large layers, where b >>Z2x

a V=x 4 4" M N 2X 6 (R 0R/d) 2M N (IV. 15)

For intermediate layers, where b~ 2 x

a. vz=x - bZM N1  X P - (R 0R/d) b M N ~ (IV. 16)

For small layers, where b < < 2Zx

a v3 1' b M N I =0p 4~ b zM N (IV. 17)

he trtodc'rn Obukhov-lKolmogorov theory of homogeneous turbulence in a horizontal

direction, when extended to apply to the wavenumber spectrum of instantaneous variations

of i efhacti%.e index in a vertical direction, predicts a kior fl law for the variation with

wavelcogth Xor carrier frequency f of either a or attenuation relative to free space, or

a \ or f~/ law for variations of the trans~mission loss Wa /w.t Theoretical studies of

flliltiJple scattering by B~eckmann [ 1961a], Bugnolo [ 1958j, Vysokovskii [ 1957, 1958], arid others

suggest that single scattering adequately explains observed phenomena. Descriptions of at-

rnospher', tuirbulence are given by Batchelor [ 1947, 1953], de Jager [ 1952], Heisenberg

11948), IKolrnogoroff [ 1941], Merkulov [ 1957], Norton [ 1960], Obukhov [ 1941, 1953]. Rice

zh4btri [ 1964). Sutton [ 1955], Taylor [ 192Z], a I Wheelon [ 1957, 1959).

The obscrv.cd wxavelength exponent for the Japanese transmission lobs data previously

n.,ted was below; 5/3 leab than two tenths of one percent of the time, and an cxarnination of

otr'cr data also lcads to tile conclusion that forward scatter from ObuKhov -Kolmogorov turbui-

i, icv car. rarely explain what is observed with frequencies from 40 to 4000 MH7, and sc;lt-

tunring aingles from) on#. to three degrees.
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E.,ly reognition of thiu fact by Norton, Rice, and Vogler j 1955 ] led to the proposal

VC a m, t.lCivtical form for the vertical wavenumber spectrum which Wuld ,l ievc agreement

between ratdio data and the theory of forward scatter from refractivity turbulenco [Norton,

1960 ]. Radio data were used to determine the following e-npirical form for av, upon which

the predictions of section 9 are based;

a =+-5 M (IV. 18)V

M = 3 <(An)>/ 3 2) (IV. 19)
0

whettre

4n =n- <An> (IV. Z0)

is the deviation of refractive index from its expected value <An>, anid I is a "scale of
0

turbulence" [Rice and Herbutreit, 1964.

Values of the variance <(Ai) 2> of rcfactivity fluctuations and scales o turbulence

I obtained from meteorological data lead to good agreement between (IV. 18) and radio0

dat.t when an exponential dependence of M or, height is assumed, substituting the corre-

sponding value of Wv in (IV. 11). It is not yet clear how the estimates of in, m., zoo b,

and N, Lciuired by the theory of forward scatter from 1;,yers of a given type can be

obtained from direct meteorological measurements, nor how these parameters will vary

throughout the large volume of space visible to both antennas over a long scatter path. It

docs seem clear that this needs to be done.

Data from elevated narrow-beam antennas that avoid pome of the complex phenomena

dLte to reflection and difiraction by tei rain, and which select small scattering volumes, sug-

g st Iti.il for scattering angles exceeding ten degrees, reflections from large layers car.

har'ly b, domiinant over r-eflection from intermediate and Amall layers or from refractivity

tu;'bulcncc. Preliminary results indicate that field strengths decrease more slowly at a

fi>,-(I dintance and with scattering angles 0 increasing up to fifteen degrees than would be pos-
-6

sible with ti. 0 dependence of a given by (IV. 15) added to a probable exponential decayV

wi:h height of the expected value of the meteorological parameter MN for large layers.

The wavelength and ongle dependence of forward scatter characterized by the Obukhov-

l,,) ,)igoro'. turbulence the rV ig Je-a 1)  the sainc as that for s,-nall layers, givcn by (!V. 17).

F,,r statte ring from refractivity turbulence:

-/3 11/3
a X M (IV. Zl)

Vo 0

2
F(11/6) < (An) >

Mo = 1 /3) 23 (Iv. 22)

4(ZT) 1  - 
(1/3) I

I\-0

t i I I I ( i -- " .. .. .I i - : - h I I i I I : . . i i I ..



Although most of the propagation paths which have been studied rarely show this frequency

d(pendcriv, sonu, occasionally do agree with (IV.2 ). In gcneral. the radiowave scattering

! ro4s-sectiun pcr unit volume a is a weighted average of scatteriiig from all kinds of
v

I.yt i' or it'ilict" and the turbulenct! betw it'- them

Sttnm rizir s the argument:

-5
a =a +a +a +a vZ >+ M (IV.23)v vo V3 VZ v$

for 10.4 < X < 10" km, 0.01 < tp < 0.03 radians, where M has been determined from

radio data, subject to the assumption that M decreases exponentially with height above the

earth's surface. Equation (IV.23) is intended to indicate the present state of the twin arzs of

lormulating theories of tropospheric forward scatter and comparing these theories with avail-

able long-term median transmission loss data. A great deal of available data is not forward

.scatter data, and it is for this reason that estimates of long-term variability as given in

section 10 and annex Ill are almost entirely empirical.

Als, for this reason, estimates of L as given in section 9 are restricted to long-8p
term median forward scatter transmission loss. Available measurements of difcer.ces in

i'.111 .1W Ti , g,11l1 o t" w tiln Ohe linits of ,'x'pJinivnt l error with the values pr udictcd by

Ill,' intul f (, t t ,o ' 1) wilt,,v er th duillin i l rtyil .ttiont mechanisn is forward cat'ttr.
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GEOMETRY FOR FORWARD SCATTER

INMUED DIPOLF:

(c) (d)

Figure .
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IV. 3 List of Special Symbols Used in Annex IV

a Radiowave scattering cross-section of a single scatterer or group of scatterers,

(IV. 13).

av  Radiowave scattering cross-section per unit volume, (IV. 14).

avo Radiowave scattering cross-section from refractivity turbulence, (IV. 21).

a 1 a v s Radiowave scattering cross-sections per unit volume for large, medium, and

small layers, (IV. 15) to (IV. 17).

b The dimensions of an atmospheric layer or feuillet in any direction perpendicu,-

lar to k, (IV.9).

c Polarization efficiency of the power transfer from transmitter to receiver,P
(IV. 13).

C(u), C(v) Fresnel cosine integrals, (IV.8).

f A range of eddy sizes or layers, the radio wave scattered forward La most af-

fected by a particular range of "eddy sizes," I , or by layers of an average

thickness 1/2, that are visible to both antennas, (IV. 1).

Scale of turbulence, (IV. 19).o

m Average refractive index gradient, dn/dz, across a layer, (IV. 5).
m Average refractive index gradient for the region in which a layer is imbedded,

0

(iV. 5).
2

M A term defined by (IV. 6) used in the power reflection coefficient q

M A term defined by (IV. 22) used in defining a , the scattering cross-sectionO vo

from refractivity turbulence.

nI, n Z  Refractive indices of adjacent layers of homogeneous media, (IV. 3).

N The number of layers per unit volume of a scattering cross-section, (IV. 15)

to (IV. 17).

N The number of scattering subvolumes that make an appreciable contributionv

to the total available power, (IV. 11).
2

The power reflection coefficient, q , for a tropospheric layer is approxi-

mated by (IV. 6).

qo The plane wave Fresnel reflection coefficient for an infinitely extended pane

boundary, (IV. 3).

, °  Vet.tor dtst.anccs trorn transmitter and receiver, respectively, to a point Ro.

R, R Unit vectors from the centers of radiation of the receiving and transmitting

antennas, respectively, (IV. 1).

Rot A point frum which power is coherently scattered or reflected, (IV. 11).
o ,.fe ..: ' - - tcgrals, (IV.8).

A parameter defined by (IV.9).

v A parameter defined by (IV. 9).

vi  The ith scattering aubvolume, (IV. 11).
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w Available power per unit scattering volume, (IV. 11).

w v Available power per unit scattering volume for the i scattering subvolume,

(IV. lZ)

x Half the width of a first Fresnel zone. (IV. 7).

z Thickness of a tropospheric layer, (IV.6).

zo The thickness of a tropospheric layer, (IV. 6).

An The deviation of refractive index from its expected value, (IV. 20).

< An> The expected value of refractive index, (IV. 20).

<(An) 2> The variance of fluctuations in refractive index, (IV. 19).

A wave number direction defined by (IV. 1).

The grazing angle for reflection from a layer. (IV. 2).

IV - 12



Annex V

PHASE INTERFERENCE FADING AND SERVICE PROBABILITY

As a general rule, adequate service over a radio path requires protection against noise

when propagation conditions are poor, and requires protection against interference from

cochannel or adjacent channel signals when propagation conditions are good. Optimun use

of the radio spectrum requires systems so designed that the reception of wanted signals is

protected to the greatest degree practicable from interference by unwanted radio signals and

by noise.

The short-term fading of the instantaneous received power within periods of time

ranging from a few minutes up to one hour or more is largely associated with random fluctu-

ations in the relative phasing between component waves. These waves arrive at the receiving

antciia after propagation via a multiplicity of propagation paths having electrical lengths that

vary f'orn becond to second and from minute to ,ninute over a range of a few wavelenths. A

emall part of this short-terrm fading and usually all of the long-term variations arise from

minute-to-minute changes in the root-sum-square value of the amplitudes of the componnt

waves, i.e. , in short-term changes in the mean power available from the receiving antenna.

In the analysis of short-term fading, it is convenient to consider the effects of these phase

and root-sum-square amplitude changes as being two separate components of the instantaneous

fading. Multipath or "phase interference fading" among simultaneously occurring modes

of propagation usually determines the statistical character of short-term variability.

Over most transhori-on paths, long-term variability is dominated by "power fading",

due to slow changes in average atmospheric refraction, in the intensity of refractive index

turbulence, or in the degree of atmospheric stratification. The distinction between phase

interference fading and power fading is somewhat arbitrary, but is nevertheless extremely

useful. Economic considerations, as contrasted to the requirements for spectrum conserva-

tion, indicate that radio receiving systems should be designed so that the minimum practicable

transmitter power is required for satisfactory reception of wanted signale in the presence

of noise. Fading expected within an hour or other convenient "short" period of time is

allowet, for by comparing the median wanted signal power w available at the receiver with

the median wanted signal power w which is required for satisfactory reception in themr
presence of noise This operating sensitivity w assumes a specified type of fadingrn r

signal and a specified type of noise, but does not allow for other unwanted bignals.

In the presence of a specified unwanted signal, but in the absence of other unwanted

V-gnals or appreciable noise, the lidelity of information delivered to a receiver output will

incrcas, aL; the ratio r u of waonted-to-winwanted signal power increases. rhe degree of

fidelity of the received information may be measured in various %ayu. For example, voice

signals are often measured in terms of their intelligibility, te'evision pictures by subjective
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observation, and teletype signals by th0: percentage Of Co! re. tly intc-pretd received charac.

ters. A apecified grade of service provided by a given wanted signal will guarantee a

corresponding degree of fidelity of the information delivered to the receiver vutput. For

example, a Grade A teletype service could be defined ao one providing 99 99 percent

error-free characters, while a Grade B service could be defined as one providing 99.9 per-

cent error-free characters.

The protection ratio r required for a given grade of service will depend upon theur

nature of the wanted and unwanted signals; i. e. , their degree of modulation, their location

in the spectrum relative to the principal and spurious response bands of the receiving system,

a,,d Jheir phase interference fading characteristics. The use of receiving systems having

the anmaullest values of r ur for the kinds of unwanted signals likely to be encountered will

permit the same portions of the tapcctr-.tm to be used simultaneously by the maximum number

of users For instance, FM wit). feedback achieves a reduction in r for a cochannelur

unwanted signal by occupying a larger portion o" the spectrum. But optimum use of the spec-

trum requires a careful balance between reductions in r on the same channel and on
ur

adjacent channels, taking account of other system isolation tactors such as separation between

channels, geographical sep,,ration, antenna directivity, and cross -polarization.

Note that the operating sensitivity -w is a rneasure of the required magnitude of

the median wanted signal power but r involves only the ratio of wanted to unwanted signalur
powers. For optimum use of the spectrum by the maximum number of simultaneous users,

the transmitting and receiving systems of the individual links should be designed with the

primary objective of ensuring that the various values of r u exceed r for a large per-u ur

centage of the time during the intended periods of operation. Then sufficiently high trans-

mitter powers should be used so that the median wanted signal power w exceedz vmr

for a large percentage of the time during the intended period of reception at each receiving

location. This approach to frequency assignment problems will be unrealistic in a few cases,

such as the cleared channel5 required for radio astronomy, but these rare exceptions merely

serve to test the otherwise generai rule [ Norton, 1950. 1962 arid Norton and Fiiie 19491 that

outir-um use of the spectrum can be achieved only he: interference :rom other signals rather

than from noise provides the ineluctable limit to satislactory reception.

This awiex discus5es tl requirements for service of a given grade g, how to esti-

mate the expected time availability q of acceptable service, and, finally, how to calculate

the service probability Q fora giv en t-rae a,'ilability
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V. 1 Two Components of Fading

Both the wanted and the unwanted signal power available to a rcceiving system will

kistally vary from minute to minute in a random or unpredictable fashioit. It is conveienot to

divido the "instantaneous received signal power" WT= 10 log wT into two or three addif.,

oniptnenta where w is defined as the average powe r for a aingle cycle oi the ra'.!; iq vV
2

so as to eliminate the variance of pnwer associated with the time factor cos (k thj

W =W +Y =W (0.5)+Y+Y 'dbw (V.I)
IT m IT Mf

W is that component of WV which is not affected by the usually rapid ph~ase 'rtcrfereicc fadting
iT I

,jid :s most often identified as the short-term median of the ajvailable. %V A -t toe rcceiving

a.,jtcnna. %V (G. 5) is the median of all such values of W , and -'.a rncst offenii ' i

long-terrin median of W In terms of the long-term me~zan transrnisf-wii lo,, I -'!j -And the

t3t&1) power W tradiated from the transmitting antenna:

W (0.5) =W -L, (0. 5) dbw
m t m

'Ihc cha.-2cteriltica of long-term fading and phase init vie :ence fading, respevtively., ure de.

Er ibtd :iterms of the two fading components Y and Y TFin IN. 1):

Y =W - W (0. 5), Y = W - M (V. 31
mn r IT rn

The long term for which the mediarn pover, W m(0. 5), is defined may be a-i Sliovt as

hour or as long as several years but .vi_ r.:cacnis ftehuswihn~s'.

f.url period of time. For most continuously porat,.ng services it is convenient to consido!r

\.. (0. 5) as the median power over a long per:.vi- ol time, including all hours of the day and

ti seasons of the year. Observations of lo:x -Ler'm variability, summarized in sertion 10

aiiin annex IN, show that W is a very nearly nor.,tklly distributef! ran'Ilorr u
m

cr~.racterized by a standard deviation that may range from one Ai-Iiia ahri ~r ur oq

to ten docibels for periods of the order of several years. Thes> ',,ilun-o vat,

.crepresentative only of typical beyond -the -horizon propagation Pathz.Adi~ o

(,ther propagation conditions.

For periods as short as an hour, the variance of Y iti generally ireater Char,: .h,
iT

variance ot W m The long-term variability of W Mis identified in section 10) Aith 'hu

variability of hourly medians, expressed in terms of Y (q):

Y (q) =W m(q) - W m(0. 5) = L m(0. 5) - L m(q'

where W m(q) is the hourly median signal power exceeded for a fraction. q of all huur: , a;-,(

Lm(q) is the corresponding transmission loss not exceeded for a fraction q of all~,~e
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V. Z The Nakagarni-Rice Distribution

For studies of the operating sensitivity w mrof a receiver in the presence of a

rapidly lading wanted signal, and for studies of the median wanted signal to unwanted signal

ratio R (g) required for a grade g service, it is helpful to consider a particular 8tat-

istical mnodel which -nay be used to describe phase interference fading. Minoru Nakagamni

19401 describes a model which depends upon the addition of a constant signal and a Rayleigh-

distributed randon. tijnrai Rayleigh 1880; Rice, 1945; Nort,.n, Vogler, Mansfield and Short,

1955; Beckniant, I961a, 1/ 641. In this model, the root-sum-square value of the amplitudes

of the Rayleigh components is K decibels relative to the amplitude of the constant component.

+~corresponds to a constant received signal. For a Rayleigh ditstribution, K =-

and the probability q that the instantaneous power, w ff, will exceed w ff(q) for a given value

of the short-term median power, wM . may be expressed:

w (q) log 2

qtw~w(q) Iw exc [ ~ K~- (V. 6a)
m

Alternatively, the above may be expressed in the following forms:

q[ Y > Y,(q)] -exp[ -y'(q) log2'z [K

(V. 6b)

Y (q) 5-21390 + 10 log (log(l/q)1 [K= co

Yigures V. 1-V. 3 and table V. 1 show how the Nakagami-Rice phase interference fading

distribution Y (q) depends on q, K, and the average Y and standard deviation ar of Y
If ff Y T

It is evident from figure V.1I that the distribution of phase interference fading depends 'o~nly on

K .The utility of this distribution for describing phase interference fading in ionospheric propa-

gation is discussed in CCIR report 11963k] and for tropospheric propagation is demonstrated in

papers by Norton, ice and Vogler [1955]. Janes and Wells [ 1955], and N'orton, Rice, Janes

and Barsis [ 1955). Bremmer [ 1959] and Beckrmann [ 1961la) dlscuss a somewhat more general

fading mnodel.

*.,r , itnin- the -horizon tropospheric paths, including either sniort point-to-point ter-

roz-trial ;),%ths ur paths trorn an earth station to a satellite, K will tend to have a large

1pottitvc', thr 'L~hout the day for all seasons of the year. As the length of the terrestrial

p. .p4)agd';on path la increasedor the elevation angle of a satellite is decreased,so that the

h. Ies a rn first Fresnel zone clearance, the expected values of K will decrease

bon, Wa~rs of the day,, K will be leap n Tero and the phase interference

; .ru:'agated over the path at nes will tend to be z-losely represented
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THE NAKAGAMI-RICE PROBABILITY DISTRIBUTION OF THE INSTANTANEOUS FADING
ASSOCIATED. WITH PHASE INTERFERENCE

q IS THE PROBABILITY THAT Y1Tf m(Wmr Wm) EXCEEDS Y~r(q).
AS K DECREASES WITHOUT LIMIT, THE NAKAGAMI-RICE

DISTRIBUION IAPPROACHES THE RAYLEIGH DISTRIBUTION
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V.3 Noise-Limited Service

A detailed discussion of the effective noise bandwidth, the oper,.tiig tsese factor, and

the operating sensitivity of a receiving system is presented in a recent report, "Optimum Use

of the Radio Frequency Spectrum, " prepared under Resolution 1 of the CCIR LGeneva, 1963c).

The median value of the total noise power w watts in a bandwidth b cycles

per second at the output load of the linear portion of a receiving system includes external

noise accepted by the antenna as well as noise generated within the receiving system, inciua-

ing both principal and spurious responses of the antenna and transmission line as well as the

receiver itself. This total noise power delivered to the pre-detection receiver output may be

referred to the terminals of an equivalent loss-free antenna (as if there were only external

noise sources) by dividing wren by goI the maximum value o, the operating gain of the pre-

detection receiving system.

The operating noise factor oi the pre-detection receiving system, f . may be ex-op
pressed as the ratio of the."equivalent available noise power" w mn/g to the Johnson noise

power kT b that would be available in the band b from a resistance at a reference absoluteo -Z3
temperature T 0 = 288.37 degrees Kelvin, where k = 1.38054X 10 joules per degree is0

Boltzmann's constant:

Wmn/g 0 (V.7)
op k T b0

or in decibels

Fop (W rrm G) (B- 204) db . (V. 8)

The constant 204 in (V.8) is -10 log (k T.0

Note that the available power from the antenna as defined in annex LI has the desired

property of being independent of the receiver input load imedance, making this concept

especially useful for the definition and measurement of the operating noise factor f as

defined under CCIR Resolution 1 [Geneva, 1963c ].

At frequencies above 100 MHz, where receiver noise rather than external noise

usually limits reception, f is essentially independent of external noise. In geicral, iop op

is proportional to the total noise w delivered to the pre-detection receiver output and sonn

measures the degree to which the entire system, including the antenna, is able to discriminate

a, xxnst both external noise and receiver noise.
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.. Let W represent the median available wanted signal power associated with phase
interference fading at the terminals of an equivalent loss-free receiving antenna, and let

the "operating threshold" W rr(g) represent the minimum value of W which will provide

a grade g service in the presence of noise alone. The operating threshold W assumesnir
a specified type of wanted signal and a specified type of noise, but does not allow for other

unwanted signals. Compared to the total range of their long-term variability, it is assumed

that W and W mr(g) are hourly median values; i. e., that long-term power fading is negligiblem mx

over such a short period of time. Let G represent the hourly median operating signal

gain of a pre-detection receiving system, expressed in db so that W + G very closelym ma
approximates the hourly median value of that component of available wanted signal power

delivered to the pre-detection receiver output and associated with phase interference fading.

The median wanted signal to median noise ratio available at the pre-detection receiver

output is then

R = W + ] - W db (V.9a)
m m ma mn

and the minimum value of R which will provide a desired grade of service in the presencem

of noise alone is

R (g) W (g) + Grs] -W db. (V.9b)
mr mrV mn
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V. A, in.tererenc.,-Lirnited Ser%.ic,

Sepa ration of the total fading into a phase inte rfe rence component Y T1and the

more slowly varying component Y as described in Se,!tion 'N. 1 appears to be ciesirable-

for several reasons: (1) variations -)f Yl associated with phast- interference may be

c-xpcted to occur completely independently for the %w.-nt,-d and unwanted signals, and

this facilitates making a more precise determination of the required wantod-to-unwanted

signal ratio, R (a). (2) the random variahle Y follows the Nakagami-Rioc disri-
ur r

bution, as illustrated )n figure V. 1, while variations with time of Y are approximately

normally eistributed, (3) the variations with time of the median wanted and unwanted

signal powers W I and W umtend to be correlated for most wanted an6 unwart,-d

propagation patht;, and an accurate allowance for this correlation is facilitated by

s(:Pa rating the instantaneous fading into the two additive components Y and Y_ arid

(4) moM of the contribution t,; the variance of W with time occurs at low flurtuation

frequencies ranging from one cycle per year to ab--ut on(- cycle per hour, whereas most

of the contribution to the variance of Y 11occurs at higher fluctuation frequencies,

greater than one cycle per hour. Only the short-term variations uf the wanted signal

power w, and the unwanted signal power wuC associated with phase interference

fading are used in determining r the ratio of the median wanted signal powcrz
u r(g),

w into the median unwanted signal power w umrequired to provide a specified grade

of service g. Lct R .7 denote the ratio bct'xcen the irnstalitar5,ous wanted signal

power W rn+ Y TIand the insttantaneous unwanted signal power Wu urn+ UT

Ru W n '+ *WIm -Y1 R u+ Z T (V.l1O)

whereI

ZI ~Y .- Yu and R uW m W (V.1I))

Note that the cumulative distribution function y (q, K<) for Y will usually be different from
rt 1 T

thy- cumulative distribution function Y ,(q. Ku ) for Y since the wanted signal propagaLien

path wkill differ fr om the propagation path ior the uin"wanted signal. L, t Z ' (q, Y" K

wxith- probability q; then the approximate cumulative distribution function of Z. is giver. by,:

z Ia(q*,KKu) Y, J (q. K) + YT,( I -q, Ku) 12)

In the abovc, the plus sign is to be used when q < 0. 5 and the minus sigai wher, q - .note

that - 1-.K K I ZT(,K This method 4 approximation is sgg, sted by tv.v 0.),-
'a u

a-%rv tioris: (1) service roay be limnited for a fraction q of a short period of tiir~e n-ith, r by

dowr~lades of the wmnted signal corresponding to a, level ( Ceeded wvith a :)rob.J.Lrlty q or b
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S ' *1 ani It\ d ':! Signal k otrreMp ndini to a hl vel exceeded with a probability I-q, aticd
j.) tht- slandard deviation of the differenc, of two uncorrelated random variables Y_ and Y
'iu s thc squat ro,,t of the sum o their variances, and Lndcr fairly general conditions 4w
is ,vry nearly equal to Y(q• " V (1 - q). Equation (V. 11) is based on the reasonable as-
surmptio, that Y_ and Y are independvnt random variables and, for this case, (V. III

would be exact .f Yr and Y - were normally distr*.buted. The departure fron normality of
the distribution of Yn. i& greatest in the limiting case of a Rayleigh distribution, and for this
special case., the following exact expression is available [Siddlqui, 19621:

Z (q'*o) --10 log ( . I) (V. 13)

Table V.2 compares the above exact expression Z (q, cc, -) with the approximate expree-

Sion Zr (q, -, -). Note that the two expressions differ by less than 0.2 dBfor ay value of

q .n,], sic. Ohia difference may be expected to be even smaller for finite values of K, it
appva,-rl. that (V I ') should be a satisfactory approximation for most application and for

a.ny valus o K and q.

Table V. 2

The Cumulative Distribution Function Z4q, m0 ) for

tl!e Special Case of the Ratio of Two Rayleigh-Distributed Variables

q Z(q,.,oo) - z(q, o, Z z

db db db

0.0001 39.99957 40.0178 4. 01623

0.0002 3b. 98883 37. 0362 -0. 04737

0.0005 33.00813 33. 0757 -0.06757

0.001 29.99566 30. 1099 -0. 11424

0.002 26.98101 27. 1216 -0. 14059

0.005 22.98853 23. 1584 -0. 16987

0.01 19.95635 20. 1420 .0. 18565

0.02 16. 90196 17. 0949 -0. 19294

0. 05 12. 78754 12. 9719 -0. 18436

0. 1 9. 54243 9.7016 -0. 15917

0.2 6. 02060 6. 1331 -0. 11250

. 5 V0 0
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Let R uro(g) denote the required value of Ru for non-faditig watitod and unwanted

signals and it follows from (V.10) that the instantaneous ratio for fading signals will exceed

R uro(g) with a probablUity at least equal to q provided that:

Ru > Rur (g, q. K. K u ) = Ruts(g) - Z (q, K, K ) (V. 14)

The use of (V. 14) to determine an allowance for phase interference fading will almost

always provide a larger allowance than will actually be necessary since (V. 14) was derived

on the assumption that R uro(g) is constant. For most services, R ur(g) will rot have ak

fixed value for non-fading signals but will instead have either a probabilitf distribution or a

grade of service distribution; in such cases R u(g) should be determined for a given q

by a cortvolttion of the distributions of R, (g) and - Z . In still other caece the mean
uro

duration of the fading below the level Z (q, K, K ) will be comparable to the m2&n duration

of the individual message elements and a different allowance should tiaen be made. in some

cabes it may be practical to determine R as a function of g, q. 14, and XK in theu~r uI

laboratory by generating wanted and ujnwanted signals thAt vary with time the sane as Y_

and Yu., This latter procedure wiU be successful only to the extent that the fading signal

generators properly simulate natural phase interference fading both as regards their ampli-

tude distributions and their fading duration distributions. As tniu azAhx 1A lnten

to deal only with general definiticoe and pri-cedures, functions applicible tc partikular icinds

of wanted and unwanted signal,- which include an appropriate phase interfereace

fading allowance are not developed here.

The ratlo R. d,.fiied ak an hourly median value equal to the difference- betweenu

W fr. 5) + Y and 'W (0. 5j + Y -i!i also vary with tirf',::

m rn um M1M(.'S

S -w - W =w (0.5) - w, (o,.5) + 2. (V.i5)

Z X y - Y u ('V. I.'))

The razndom variables Y and Y tend to be .pproxirnaately nc'rrnally distributed with :,u

positive corrclttion coefficient p whIch will vary conciderabiy with tIe p-opagtior. paths
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V. 5 11w, ol!It Etjert of sev. ral Sources of Interference Present Simultaneously

"he effects of interference fron, unwanted signals andI from noise have so far been

considered in this report as though each affected the fidelity o. reception of the wanted signal

independently. L et *w m (g) and r r(g) w undenote power levels which the wanted median

signal power w r must ex;ceed in order to achieve a specified grade of service when each

source of interference is present alone To the extent that the various sources of

interference have a c, aracter approximating that of white noise, this same grade of service

masy be expected Irom, a wanted signal with mccdian level

Wr5 I = r( ur() r

when these sources are present uimaltaneous~y.

An approximate method has bten developed [Norton, Starab, and Btarrn 1952 1 for

determninrg for a broadcasting siervice the distribution with time and ruceivLg location of the

ratio

wvmifIwm(g) + I r u(g)wr]

Although this approach to the problem of adding the effect3 of interference ,vill proba bl;

always pro-/dde a good upper bound to the interference, this assumption that the itrfeece

power is additive is often not istrictly valid. Fox- exiynple, when intcelligiIl cross-talk fu

another channel is present in the receiver output circuit, tile addition of some whitet. notes

wiil actually reduce the nuisance value of this crose-r-alk.

Frequently, ho.vcver, both w mr(g) and w Lm will be foundi to vary more or less

independently over wide ranges with timne and a ecoC! 2pprc'ximnation to the percentage of tirae

that objectionable interferen~ce is precent at a part.,( uar receiving locatioin may then be

obtained [ Barsis, et al, 1961 1by adding the percentagz a Lavre that w is less than

%k (g) to the percentages of time that w, is less than each oF the values of r (g
r 1 r m r urn

When thia total time of interference is small, say less than 10, thio will represent a

satisfactory eatimsite o! the joint inflhence of beveral sources of intf-eence wrlcr are

present simnuitaneously. Thus, when the fading riingee of the various Sourcts of interfervncc.

are bufficiently lar~e .,o that tlia latter method of analybis is applicablc th' various -vaiue:;

of w (g) and of r u(R) wu will have comparable magnituides for negligibi-L perctntdges
Mor uM

M~ tho timne so that unc may, iii effect. assume zha-t the various sources of interfvrcxi,Lf jccur

essentially independently in time.

Minimum accept-able wanted-tc-anwar,tecd sigrnal rstius r may sometime(S hc~ A

furnt., Qn ui rm, thr i'v2-iilable -.axited signal-to noirixe z atin. When L ul 2!, w 0), tu Lib ui

r;-- iz- Unwanted 5i grna r;os3 b e treated the sairn.; a- oxte raaij no-s:c,.~i: i~ a:iox

lnng tc~ .i str~butionsi of avaiiable wantedI-to -unwvAanted sign~al ratios e c~rrxu:

e~ach class of unwanted vignaig for vh~ch Iwa~rly t:.sm

orI



V 6 The Syotcm Equation fur Noise-Limited Scrvic,

-: - l:.s scntial cleioents of a noise-limited cotin-tunication circuit arc e , ,i: .d ii t thP

following system equation. The transmitter output NYlibw whilh will provid V WItI
dbw of total radiated power in the nresence of tranoniissiou line and n;,tthg ,etv urk los.1i

Lit db, and which will provide a m adan delivered signal at the pre-detection recvivc," output

which is R db -bove the median noise power W delivered to the pre-datection r(.Leiver
m- mn

c'tput is given by

WIt = LIt + Lm +Rm + (Wrn - G ms) dbw (V. Z0)

In the presence "ef a median transmission loss L and a median operating receiving system

signal gain G . The operating signal gain iq the ratio of the power delivered to the pre-

detection receiver output to the power available at the terminals of an equivalent loss-free

antenna. Let G be the maximoum of all values of operating rignal gain in the receivcr pass0I
band, and Gins the median value for a.l signal frequencies in the pass band. (Wrn - Qns)

in (V. 20) is the equivalent median noise power at the antenna terminals, as defined in section V. 3.
It is appropriate to express the system equation (V.20) in terms of the operating

noise factor F defined by (V.8), rather than in terms of W or (W - G ) in
op inn Mul I nS

order to separate studies of receiving system characteristics from studier of propagation.

For this reason all predicted power levels are referred to the terminals of an equivalent

loss-free antenna, and receiving system characteristics such as F op, Go, G is, ar'

P. 10 log b are separated from transmission loss and available power in the formulas.

Rearranging terms of (V.8), the equivalent median noise power (W - Gm) delivered

to the antenna terminals may be expressed as

Wmr - Gm1 = Fop + (G- GIS) + (B - Z04) (V. z1)

where G O and Gn are usually nearly equal. Assuming that LI t' Go, Gis) and B

are constant, it is convenient to combine these parameters into an. arbitrary constant K :
0

Ko =LIt + Go - Gime + B - Z04 dbw IV. 22)

and rewrite the system equation as:

WIt, K + L + R + F dbw V.Z3)
o m m op

In general, if unwanted signals other than noise may be diiregarded, eie'rvic. eXistt

whnever R i(q) exceeds mr (g), where R mr(q) is the value c.f R exc(eded i fraction

of all hours. With G and W assumed constant, so that
m R m(

Rm(q) = W(q) + Gi -Wren (V.24)



acrvki, t:x| ctu whenaver 'N (e) exceeds W rnr, or whernever L (q) is less than the max-

|ttitru Nllow li; trar, arniUisiti lo,,s 1. &n(g) Ar, ,quival,,rt btat,'rr,er t rnay b,: rr.ade in terms

of the MPteMr equation. The transritter powl~r WIt(q) which will provide for a fraction q

of all hours at least the grade g service defined by the required signal-to-noisc ratio

mr (g) is

WIt(q K 0 + L m(q) + Fop + R mr(g) (V. 25)

where LM (c) is the hotrly median transmission loss not exceeded for a fraction q of all

hours.

For a fixed transmitter power W dbw, the signal-to-noise ratio exceeded q percento

of all hours is

R (q) = W - K - F - L (q) db (V.2-6)
Mi 0 o op m

ior a 'median" propagation path for which the service probability Q, is by definition equal to 0. 5.

The maximum allowable transmission loss

L (g) = W - K - F - R (g) (V. 27)
mo 0 o op mr

is set equal to the loss L m(q, Q) exceeded during a fractoa (1 - q) of all hours with a probability

Q. This value is fixed when P 0 , Ks, and Rmr(g) have been determined, and for each

time availability q there is a corresponding service probability, Q(q). Section V. 9 will

explain how to calculate Q(q).

When external noise is both variable and not negligible, the long-term variability of

F must be considered, and the following relationships may be used to satisfy the conditionop

r (q) mr(g) (V. 28)

R ni(q) mF m(0.5)+Y rn(q) (V. Z9)

R (0. 5) it W -K -F (0. 5) - L (0. 5) (V.30)m o o op m

Yr n(q) 2Y 2(q) + Y Z (I - q) - Pt Y(q) Yn - q) (V.31)

Y(q) ELm (0. 5) - L(q), Yn(q) F OP(q) Fp (0. 5) (V. 32)

where Ptn is the long-term correlation between 'A and F op. Though Pti could
theoretically have any value between - I and 1, it is uoually zero.
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V. 7 The Time Availability of Interference-Limited Service

Let ptu denote the long-term correlation between Wm and W u, the power ex-

pected to be available at least q percent ofall hours at the terminals of an 1:quivatoit loss-

free receiving antenna frcm wanted and unwanted stations radiating w and w wLtts,
0 Ul

respectively:

%m(oq) = W ° - L m(q dbw Wum(q) = Wu - L u(ql dbw (V. 33)

W = 10 logw dbw , W = 10 log w dbw (V.34)0 U u

The criterion for 3ervice of at least grade g in the presence of a single unwanted signal and

ir. the absence of other unwanted signals or appreciable noise is

Ru q) > Rur(g, q) (V. 35)

where

R u(q) = R (0. 5) + Y R(q) (V. 36)

R (0.5)? W (0.5) - W (0.5) (v.37)
U rri u rn

Y ( I - q)- 2pt. Y(q) Y ( I - q) (V. 3S)

N u(q) Wum (q) - WM (0.5) Lur(0. 5). LM(q) (V.39)

If W , W , and F were exactly rrrnally distributed, (V.31) and (V. 38) weald bem urn op
exact; they represent excellent approximations in practice.
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V.8 The Estimation of Prediction Errors

Consider the calculation of the power Wm(q) available at the terminals 01 an equiva-

lent lose-free receiving antenna during a fraction q of all hours. W m(q) refers to hourly median

values expressed in dbw . For a specific propagation path it is caliculated in accordance with

the methods given in sections 2-10 using a given set of path parametera (d, f, 9, h .e e tc.). De-

note by %VWr (q) observations made over a large number of randomly different propagation pathb,

which,however,can all be characterized by the same set of prediction parameters. Values of

W () W will be very nearly normally distributed with a mean (and median) equal to W., (q).

and a variance denoted by a Z (q). This path-to-path variability is illustrated in Fig. V. 6 for

a liypothctical simlation which assumes a random distribution of all parameters which are not

takvii into account in the prediction method.

The variarnce a! of deviations of objervation from prediction depends on available

A- a and the prediction method itself. The moet sophisticated of the methods given in this re-

port for predicting tradesmission lose as a function of carrier frequency, climate, time block,

antenna gains, and path geometry have been adjusted to show no bias, on the average, for the

data discussed in section 10 and in annex 1.

Most of these data are concentratad in the 40- 1000 MlHz frequency range, and were

obtained primarily for transhor~zon paths in cliiates 1, 2, cind 3. Normally, one antenna was

on the order of 10 meters above ground and the other one was higher, near ZOO meters. Even

_,c low c- iigantennas %4cre OLoated oi hPigh Si outid or in clear areAs well removed ire'm

hills anid terrain clutter. P~ew of the data were obtained with narrow-beamn antennas. An at-I

tempt. has been made to estimate cumulative distributions of hourly transmnission loss medians

for a. rurately spocilted timie blocks, including estimiates of year-to-year variability.

A prcdiction for suome situation that is adequately characterized by the prediction

1w -i mtr8 chuticn here requires only interpolation between values of these p~aram~eters for

which data arc available. In such a case, ac(q) represents the standard error of prediction.

Hi-il-an sqluare error of prediction, referred tv a situation fur which data are not available. is

q plstesuare of the bias of the prediction method relative to the new situation.

Based on, an analysis of presently available transhorizon transmission loss data. the

variance a (q) is estimated a's

r 2( q) =12. 73 -*0. 12 Y 2(q) db? (V. 40)
C

.'hcrc Y (q) is defined i~n section 10. Since Y (0. 5)-' 0, the variance u (0. 5) of the difference

tet..-ciz observed and predicted long-term medians is 12. 73 db ,with a corrspnnding stand-

ardl riviation a (0.65) 3. 57 db.
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It is occasionally very difficult to estimate the prediction error r c(q) and the

service probability Q. Where only a small amount of data is available there is no adequate

way of estimating the bias of a prediction. One may. however, assign weights to the curves

of V(O. 5, d ) in figure 10.1 3 for climAtes 1-7 based on the amount of supporting data avail-

able:

Climate Number Weight

1 300

2 izo

3 60

4 2

5 (deleted)

6 5

7 5

As an example, for d = 600 kn, the average V(0. 5. d ) weighted in accordance with the above

e2
is 0. 1 db, and the corresponding climate -to-climate variance of V(0. 5) is 3. 1 db . If a

random sampling of these climates is desired the predicted median value L(0. 5) is L

V(0. 5) = L -0. 1 db, with a standard error of prediction equal to (12.7 + 3. 1)1= 4 dbcr

where IZ.7 db Is the variance of V(0. 5) within any given climate.

If there is doubt as to which of two particular climates i and j should be chosen, the

best prediction of Lb(q) might depend on the average of V 1 (O. 5, de) and V(O. 5, de) and the

root-mean square of Y (q, de) and Y (q, de)I

L(q) -r L - 0.5V 1 (0. 5, de) + V (0. 5, d) 1- YiJ(q, de) db. (V. 41)

... .3
Y .j(q. d) 0 + 0.5 Y q ) d4 (V. 42)

The bias of this prediction may be as large as [0. 5 V1(0. 5, d) - V (0. 5 de)] db. The

root-mean square prediction error may therefore be estimated as the square root of the sum of
2

the variance, q C(O. 5) and the square of the bias, or

12. 73 +0. 12 Y,. (q, d ) + 0.25 ) (0-5 V.(0. 5 d'1  db.
13 e 5[.oi~ e 'J

According to figure 10. 13, V(05.S, d ts expected to be the same for climates I and 8.

This conclusion and the estimate for Y(q, d ) shown in figure IlI. 29 for climate 8 are based

solely on meteorological data. In order to obtain these estir.atese the percentages of time for

which surface-based ducts existed in the two regions were matched with the same value of

Y(q, 4 1 for ,,th clinates. .n tn.i %4y. Y ( q ' '6e) was derived fro i YI(q d e  by relr.' 8

to qI for a given Y instead of relating Y 8 to YI for a given q.
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V.9 The Calculation of Service Probability Q for a Given Time Availability q

For noise-limited service of at least grade g and time availability q, the ser-

vice probability Q is the probability that

Lmo(g) - Lm(q) > 0 (V.43)

if external noise is negligible. L (g) is defined by (V.27) . The criterion for scrvicc
mo

limited by variable external noise is

Rm(q) - Rmr(g) > 0 (from equation V. 28).

For service limited orly by interference from a single unwanted signal,

R u(q) - R ur(g. q) > 0 (from equation V.35).

Combining (V.22) and (V.27), (V.43) may be rewritten as

Wo 0 LIt " Go + Gins - B + 204 - Fop - R mr(g) - L m(q) > 0 (V.44)

where the terms arc defined i. (V.8) and section V.6. Assuming that the error of estimation

of thec terms frcm systern to system is negligible except for the path-to-path variance 2(q)
c

of L _(q) it is convenient to represent the service probability Q as a function of the standard

normal deviate z
mo

1L~no Lm(¢i )

z It m(i (V. 45)
mo ac(q)

which has a mean of zero and a variance of unity. L is identified as the transmission
mo

.oss exceeded a -raction (l-q) of the time with a probability Q, which is expressed in terms

of the e-ror function as

z(zo)" + erfzoq7) • (V.46)mo mo

Figure V. 7 is a graph of Q versus z mo

For the method described here, the condition

0.1Z Y(q) z mo(Q) < -a (q) (V. 47)

is sufficient to insure that the service probability Q increases as the time availability q

is decreased. A less restrictive condition iE

Y(q) L - L (0. 5)] < 106 db 2  (V. 48)
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An example is show, in figure V. b, with q versus Q for radiated powere W = 30 dbw0

and W 40 dbw, znd L (qQ) W + 140 db. Here.

rL_(q) - 1401
q 0. 5 + 0. 5 erf _ (V. 49)

10 ,-

c:rresponiinp to a normal distribution with a mean L M(0. 5) = 140 db :d a standard deviation

Y(0. 158) = 10 db. [Note that L (q) versus q as estLi.'.ated by the nmethodh of section 10 is

usually not normally distributed]

To obtain the time availability versus service probability curves on figure V.8, Lm(q)

was obtained from c . Y(q) from (V. 4). o (q) ronm (V. 40). z from (V. 4 5), and Q from
c mc

figure V.7. This same method of calculation may be used when there are additional sources of

pred.iction error by adding variances to 2(q) . Examining possible trade-offs between time
C

availability and service probability shown in figure V. 8, note the intcrease from q = 0.965 to

q = 0.993 for Q = 0.95, or the increase from (2 - 0.78 to Q =0.97 for q = 0.99, as the

radiated power is increased from one to ten kilowatts.

For the case of service limited by external noise (V. 28) to (V. 30) mnay be rewritten as

V.' - F - F (0. 5) - L (0 5) + Y m(q) - Itr g) > 0 ' (V. 50)
o 0 op m m mr

01' nea li',-r, r.Y cx ro " esOfti:.ation of %NW , and R (el as neeligible and assume noC0 mm Fi . 2

path-to-path co; relation between F (0. 5) and L (0. 5) . The variance o 2(q) of F o p (0. 5) +
op mr OP 2 o

L (0. 5) - Y (q) in (V. 50) may then be written as a surn of component variances r and
M r F

q (q)

2 2 2 2Sop(q) 12.73 + 0. 12 Y r(q) db (V. 51)

2
Very little is kno,.'n about values for the variance a F of Fo (0. 5) but is is p. obably on the

2 op
order of 20 db

The corresponding standard normal deviate z op :op

R (c - R r(g)
m mr (V. 52)

op a o(q)

and the serviLt probability Q(q) is given by (V. 46) with zFnO replaced by z op. The re-vc-

tion (V.47) still holds with zo and replaced by zop and a . A less estri.tion con-

dition equivalent to (V. 48) can be stateo only if a specific value of a"F is assumed.
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For the case of service limited only by interference from a single unwanted radio

signal (V. 35) to (V. 39) may be rewritten as

Lur(0.5) - Lrn(0.5) + YR(q) - Rur(g.q) >0 ( V.53)
Urn m 5 R ur q

Let p denote the normalized correlation or covariance between path-to-path variations of
2

Wr (0. 5) and Wu (0. 5) . Then assuming a variance of 25. 5(1 -p.u) + 0. 12 YR(q) db 2 for

Ru(q), given by the first three terms of (V. 53) and a variance ITur for the estimate of Rur (g. q)

the total variance a 2 (q) of any estimate of the service criterion given by (V. 53) may be written
uc

as

2 (q)= 2 5.5(l -p) 2 (q)+2 (V. 54)

c uc T uc ( q )

ad th serie probabilit y ( ) The (V.46) with z replaced by z. The variance2 2 uc
a rMay range from 10 db 2 

to very much higher values. Tne reb~rictionis (V. 47) and (V. 48)

apply, with z and a- replaced by z, and a and with 106 db in (V. 48) replaced by
) R (g.2 2+ b .

ur
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V. 10 ()ptillln-n Use 'ii t>* V ;kd -' I- re SPOO -i,

IA b- t 1; 1 5 01es tho t aleconuil' iK tio I IS C'tli I'l I " to (lt'- l ('I -i C ik I;I(hI IU - , s

andi tieo princ ipal too! for improving afficicncy is to mirist tile vait intH pia~arncors to tt

uptir not11 valknebs. Fow example, it is usualy n0z .o, oQ Ciiical !u ise lower elfective rudnIja'C(

powers troni the tranbinitting systems by reducig tile ope rating ser',sdiVities' L), tie re-
caeiving systems. Reciv.'ng system sensjtivitics cani hte reduced by (a) redl.c ivi,- trie 11(Ov".l e

internally generated noise, (b) using antenna directivity to reduce tlhe effects of external noise,

(c) reducit!, man-made nocise levels by uising. Lppressors on noise ' nerators snac! as -
r.iton systems, relays, power transmission systemns, etc. , anjl (d) usinuc space Or Lime d;.-
versity and coding. The use of more spectrumn n a wide band FMI system or in a requaeiicy

d~ivtersity system can also reduce tnle receiving systemn operating sensitivit\ as well as re-

d uce the acceptance ratios against unwanted signals other th'an noise.
Unfortunately, un-like other nat-ural rrsources such as land, minerais, oil, Ande

water, there is currently no valid method for placing a monetary Value on, each hertz of thle

radio spectrum. Thus, in the absence of a common unit of exchange, these tradeoff-S are
ofitcr made unrealistically at the present tim-e. it is nowv gpnerally recognze te -te co

large ears city computers is essential for optimizing th.e assignment of freqluenicies to various

cjussL-s of service including tile developmenit of optimum channelization schemneb. Typical

itlputs to suchi computers are:

1. NominaLl frequency aubigniziiL~It-

.!. Transmitting systemn locations, inciuding the antenna heights.

3. Transmitting systern signatures; i, e. , the radiated emission spectrum-. charac-

tei-iutic6 including any spurious emission spectrurns.

4. Transmitting antenna characteristics.

5. Rteceiving system locations, including the antenna heights.

fl. Spurious emission spectrum-s of the receiving systems.

7. Operating sencitivities of the receiving systemns in their actual environments

which thus make appropriate allowance for the effects of both man-made and

natural noise.

b. Required values of wanted-to-unwanted phase interferance median signal powers

for all unwanted signals which could potentially cause harmful interference to

the wanted a-.nal; these( acceptance ratios include appropriate allowances for

reductions in the effecto of fadinig achieved by the use of dliversity reception and

coudini.
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9. Long-term median reference values of basic transmission loss and path antenna

gain for the wanted path and all of the unwantcd signal propagation paths; these

path antenna gains include allowances for antenna orientation, polarization, and

multipath phase mismatch coupling losses.

10. Distributions "if'.i time of the transmission loss for the wanted signal path and

all of the unwanted signal paths.
11. Correlaticas between the transmission losses on the wan. l and on each of the

tunwanted propagation paths.

12. Transmission line and antenna circuit losses.

13. The spurious emission spectrum of any unwanted signals arising from unli-

censed sources such as diathermy machines, electronic heaters, welders,

garage door openers, etc.

14. Assigned hould of operation of each wanted and each unwanted erniosion.

The output of the computer indicates simply the identity and nature of the cases oi harndul

interference encountered. Harmful interference is defined as a failure to achieve the speci-

ficd grah,- s.! t 8 ce for morc than the required fraction of time during the assigned hours

of opcration. Changing some of the inputs to the computer, an iterative process can be

d,.-finevl v'i Ii n.y lead t: an assignment plan with no cases of harrrful interference.

It is ttssumed that a given band of radio frequencies has b-zen assigned to the kind of

-tadiu acrvio twider consideration and that the nature of the services occupying the adjacent

It'Iy cy b,d.. ii also knIown. Furthermore, it is assumed that the geographical locations

,,I ,, 1, of tw transmitting and receiving antennas are specified in advance, together with the

i.,.ive, v.tes. of the radiated powers from each tri.nsmitting antenna and the widths and

1plMt eingb of the radio fiequency channels. In the case of a broadcasting service the 3peci.

li;-atoin o( the. intended receiving locations can be in terms of proposed service areas. With

this information given, use may be made of the following procedures in order to achieve

optimum u~c of the spectrum by this particular service :

(A) The system loss for each of the wanted signal propagation paths should be mini-

mized ai;d for each of the unwanted signal propagation paths should be maximized;

tlis .nay bc accomplished by maximizing the path antenna power gains for c~ch of the

v.kU1Cd signal propagation paths, minimizing the path antenna gains for each of the

mwanted propagation paths, and in exceptional cases, by appropriate anteru; siting.

Tlti fit] w-i ita gair:s for the uwr, wanted signal propagation paths -iay be mized
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by the use of high-gain transmitting and receiving antennas with optimum side lobe

suppression and front-to-back ratios and, in some cases, by the use of alternate

polarizations for geographically adjacent stations or by appropriate shielding.

(b) The required protection ratios rut(g) should be mdnirnized by (1) appropriate

radio system design, (2) the use of stable transmitting and receiving oscillators,

(3) the use of linear transmitting and receiving equipment, (4) the use of wanted

and ur.wanted signal propagation paths having the minimum practicable phase inter-

ference iading ranges; from band 6 to band 9 (0. 3 to 3000 MHz), rminimum phase in-

terference fading may be achieved by the usc of the maximum practicable transmitting

and receiving antenna heights, and (5) the use of space diversity, time diversity, and

coding.

(c) Wanted signal propal -, paths should be employed having the rminimum practi-

cable long-term power fading range. In bands 8 and 9, ininimu, fading may be

achieved by the use of the maximum practicable transmitting and receiving antenna

heights.

The above procedures should be carried out with various choices of transmitting and receiv-

ing locations, relative transmitter powers, and channel 3pacings until a plan is developed

which provides the required service with a minimum total 3pectrum usage. After the un-

wanted signal interference haj been iupprecced to the maximum practicable extent by the

above methods so that, at each receiving location each of the values of r exceeds the
u

corresponding protection rttio r u(g) for a sufficiently large percentage of the time, then

the following additional procedurea should be adopted in order to essentially eliminate inter-

ference from tioise :

(d) Thoq syaten !uss eon each of the wanted signal propagation paths shoule be mini-

mized; thi1 m-.ay be ac-omli'1hed by (1) the use of the higiiest practicable transeTit-

ting and receiving antenna hei,-hts in bands 8 and 9, and (? rnamxmizing the path

antenna power giins ;.o- ,ach of the wanted signal propagation paths. The path antenna

power gains of the wanted tsignal propagation paths may be maximized by using the

ma.ximum practicable transmitting and receiv g a"tenna gains and by mtirrizing the

aneria circuit and polarization coupling losses. The r inimization of the system

lusio o. each of the wanted signal propagation pat., will already have been achieved to

a large extent in connection with procedures (a), (b), and (c) above.
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(e) In general, receiving system should be employod which havo the lowest practi-

cable values of operating sensitivity wr(g).

... (f) Finally, sufficiently high transmitter powers should be used [keeping the relative

powcrt at the optimum relative values determined by procedures (a), (b), and (c) I

so that the wanted signal power w M will exceed the operating sensitivity w r(g)

for a sufficiently large fraction of the time during the intended period of operation

at every receiving locatlor.

Although it might at first seem impracticable, serious consideration should be given to the

use of auxiliary chann'-is frorn wanted receivers to wanted trajsmittera. The provision of

such channels might well be feasible in those cases where two-way transmissions are in-

volved and might lead to important economies in both power and spectrum occupancy

[Hitchcock and Morris, 1961 ].

Ultimately, when optimum use of the spectrum has been achieved, it will not be possi-

ble to find a single receiving location at which radio noise rather than either wanted or

unwanted signals car. 1'' ob-erved for a large percentage of the time throughout the usable

portions of the radio specti . n not devoted to the study of radio noise sources, as is the radio

astronomy service. Although everyone will agree that the attainment of this ideal goal of

interfercncc-frec spectrum usage by the maximum number of simultaneous users can be

achieved only over a very long period of time because of the large investments in radio

systems currently in operation, nevertheless it seems desirable to have a clear statement of

the procedures which should be employed in the future in order to move in the direction of

meeting thip Oltimately desirable goal whenever appropriate opportunities arise.
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V.It Supple mentary list of Symbols for AniuI, V

b. F ffective bandwidth, b, of a reteiv'r iii cycles per accuoid, I 10 log b dl.,ib.ln,

(V.7) and (V.8).

f op. F Operating noise factor of the pre-detection receiving system, F = 0 log f ib,
op op op op

(V. 7) and (V.8)

Grade of service. A specified gr.a de of service provided by a given signal will

guarantee a c:orresponding degree of fidelity of the information delivered to the re-

ceiver output.

go. Go The maximum value of the operating gain of a pre-detection receiving system,

G0 = 10 log g db, (V.7) and (V.8).

gns' G The hourly median operating signal gain of a pre-detection receiving system,

Gm = 10 log gms db, (V.9).mm10-23

k Boltzmann's constant, k = 1. 38054 x 10 joules per degree, (V. 7).

k b Johnson's noise power that would be available in the bandwidth b cycles per second

at a reference absolute temperature ' = 288.37 degrees Kelvin, (V. 7).0
K The decibel ritio of the amplitude of the constant or power-fading component of a

received signal relative to the root-sum-square value of the amplitudes of the

Rayleigh components, figure V. 1.

. An arbitrary constant that combines several parameters in the systems equation,
0

(V. Z).

Transmission line and matcl'ing network losses at the transmitter, (V. 20).

L Hourly median trai'smission loss, (V.ZO).m

I. () Hourly median tra.-b:nission loss not exceeded for a fraction q of all hours, or

exceeded (i-q) of all hours, (V.Z5).

1. M(q, Q) Hourly median transmission lose exceeded for a fraction (.l-q) of all hours with

a probability Q, section V. 6.

L (0.5) Median value of L (q) , (V.2).

L (g) Maximum allowable hourly median transmission loss for a grade g of service,ms0

(V.27).

L (q) Observed values of transmission loss not exccded a fraction q of the recording0

period, (V. 5).

L (q) Hourly median transmission loss of unwanted signal not ext eeded for i fra tion (I

of all hours, (V.33).

L um(0. 5) Long-term median value of L ur(q) , (V. 39).
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L Transmission loss associated with the "instantaneous" power '*,7 (V. 6) and
IT

ficccre V. 2.

L (q) Transmission loss L not exceedeci a fraction q of the timec.

L r(0. 11 The interdecilc range L ff(0. 9) - L f (0. 1) of values of tranlsmission loss Isuo-

ciated with the "instantaneous" power W . ligure V . 2.
yr

q Time availability.

q.q 8  Time availability in climates I and 8, section V. 8.

Q Service probability, diecussed in section V-8.

0(q) The probability Q of obtaining satisfactory service for a fraction of time q. figure

v. 6.

Q(-- .) Service probability Q expressed in terms of the error function of z .o (V. 46),

figure V. 5.

F R II aitio of the hourly median wanted signal power to the hourly median upe.rating noise

power, RH 10 log r T db, (V. 9)

r mr It(m A specified value of r niwhich mLust be exceeded for at least a specified fraction

of time to provide satisfactory service in the presence of noise alone, R r

10 log r r db, (V. 9).

R Ratio of hourly median wanted to unwanted signal power available at the receiver.
It

11 = 1 log r db, 1~.4).

11 .( A ipvutified v.,lu% i r uwbich m~ust be exceeded for at least a spvc-ifier fraction

of time to provide satisfactory service in the presence of a single unwanted signal.

. r=10 log r urdb, (V. 14).

r; rhe fl rn.nimurn acceptable signal to noise ratio which will provide service of

"given igrade g in the absence of unwanted signals other than rrolse. R m(i)

10) log ror (g) db, (V.9).

V Y(g). Rki(g) The protection rat io r urrequired to provide a specified grade of servie g

H L~(g) z10 log r u( g) db, sections V. 4 and V. 5.

I( (q) The vaIlIe of R H exceeded at least a fraction q of the timeti, (V . 24).

it (0. 5) Trhe mnedian value of R . (V. 29).
n m

I(LIq) A specificd value of R exceeded at least a -fraction q of the time. (V . 36,).

R fri 5) .1 e median value of R , (V. 36).
It u
H g, q) I he required ratio R H to provide service of grade g for at least a fra, tiur q

(;f the time, (V. 35).

V o (g) -lbi- rcquiiredJ ratio It urfor non-fadirig wanted and unwa~nted siignals, I V. 1-1).

Flic: rdtio bi-twv-en the instantaneous wanted and uwi,,.'ntetJ !Sign;, I o'wr. .(V 10J)

T Itference absolute temperature I' 2,=88. 37 degre-os K' Ivirt. ( V 7).

V (0 5), (1) A paraineter used to adjust the preditetd reference rncdi; in for va ritou-s I lirojtic

regioics or periods of time, section V. 8 and section 10. volujr-s I
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V (0. 5, d ), V.(0. 5, d ) The parameter V({0. 5, d ) for c;,ch cf two climates represented by
i e j e

the subscripts i and j, (V.41).

w , W The median wanted signal power available at a receiver, W = 10 log w dbw,

(V. 1).

w , W The median value of the total noise power is w watts, W = 10 log w dbw,mn mnn mn mn mn

(V.7) and (V.8).

w - W Operating threshold, the median wanted signal power required for satisfactory
m r mr

service in the presence of noise, WV 10 log w dbw , (V. 9).
mr mr

w , W A fixed value of transmitter output power w in watts, W = 0 log w dbw, (V. 26).
0 0 0 0

w t, Total radiated power in watts and in dbw, section V. 6.

w , W Power radiated from an unwanted or interfering station. w watts. W
LI U Ua u

10 log w dow. (V.33).
U

w , W Median unwanted signal power w in watts, W z 10 log w dbw, (V. 33) and
urn urnI umn uarn' wnl

(V. 34).

w , W Unwanted signal power associated with phase interterence fading, w in watts,

W = 10 log w dbw, section V.4.

w , W Wanted signal power associated with phase interference fading, w is defined as

the average pover for a single cycl, of the radio frequency, W 1 0 log vI dbw,
IV I).

(V. 1).

W Transmitter output power, (V. 20).Ut

W It(q) Transmitter poweL that will provide at least grade g service for a fraction q of

all hours, (V.25).

W (q) The hourly median wanted signal power exceeded for a fraction q of all hours,
m

(V. 24).

W (0. 5) Long-term median value of W , (V.2).nm m

Wm (q) Obser .d valuts of Wni(q) made over a large number of paths which C'an be ,har-

acterized by the same set of prediction parameters, section V.8.

W -r(g) The operating threshold of a receiving system. defined as the minimum value of

W required t, provide a grade of service g in the presence of noise alooe. (V.9).
m

W (q) The hourly median unwanted signal power W expected to be available at leasturn urn

a fraction q of all hours, (V. 33).

W (0. 5) The median value of W (q), (V. 37).
IM Jrn

W (q) The "instantaneois" power V exceeded for a fraction of time q , (V. 61.

W (0. 1), W (0.9) The interdecile range W (0. 1) - NV (0.9) of the powe: \V (q), equiva-

lent to the interdecilu range of short term transmission loss shown on figur. V. 2.

Y A symbol used to describe long-term fading. (V. 1) and (V. 3).

Y Long-term fading oi an unaanted signal, (V. 16).
u
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Y Phase interference component of the total fading of an unwanted signal, (V. 10).

Y Phase interference fading component for a wanted signal, (V. 10).
IT

Y(q) Long-term variability Y for a given fraction of hourly medians q, defined by

(V.4).

Y(O. 5) The median value of Y, which by definition Is zero.

Yi(q, de), Y (qd) Value. of Y for climates i and j. (V. 41) and (V. 42).

Y ij(q. d ) The root-mean-square value of the variability for two climates, (V. 42).

Y r(q) Long-term variability in the presence of variable external noiee, (V. 31).

Y (q) Variability of the operating noise factor, F , (V. 31) and (V. 32).n op
Y (q) Long-term variabllity of the wanted to unwanted signal ratio, (V. 38).

Y (q) Long-term variability of an unwanted signal, (V.39).
u

Y (q) The phase interference fading component of the total variability of an unwanted

signal, section V.4.

y T(q) Tim phase interference fading component of the t. 'al variability of a wanted signal,

section V. 4.

Y ' Y Values of Y for climates I and 8, r, ction V,9.

Zmo, z , I Standard normal deviates defined jy (V.45), (V. 52) and (V. 55).roop uc

Z The decibel ratio of the long-term facin, Y, of a wanted signal and the long-term

fading, Y , of an unwanted signal, (V. 16).
U

Z (q) The approximate cumulative distribution function of the variable ratio Z, (V. 17).
a

Z (0.5) Median value of the variable ratio Z, Z (0. 5) a 0.a a

Z The decibel ratio of the phase interference fading component Y for a wanted

signal and the phase interference fading component Y for an unwanted signal,
uT

(V. 11).

Z (q, K. Ku) The approximate cumulative distribution function of Z , (V. 12).
W a U if

The normalized correlation or covariance between path-to-path variations of

W n(0. 5) and W (0.5), (V.54).
m Turn

Ptn The long-term correlation between W and F , (V. 31).
PtuThe long-term correlation between Wm and W , (V38).

az The path-to-path variance of deviations bf observed from predicted transmission loss,
c

section V. 8.

* 2(q) The path-to-path variance of the difference between observed and predicted values
c

of transmission loss expected for a fraction q of all hours.

* 2(0. 5) The path-to-path variance of the difference between observed and predicted long-c

term n2edian values of transmission lose, (V.40) and the following paragraph

* 2 The variance of the operating noise factor F , (V. 51).
F op

a2 (q) Total variance of any estimate of the service criterion for service limited only by
op

external noise, (V. 51).
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0 (q) Total variance of any estimate of the service criterion for service limited only by
uc

interference from a single unwanted source, (V. 54).
2

1r 2Varirnce of the estiniate of R (g, q). (V. 54).ur u

V-39

GPO 957-642


